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Abstract
Zinc oxide is a transparent semiconductor with a direct wide band-gap 3.4 eV and large
exciton binding-energy of 60 meV, that combine to make ZnO a promising material for
possible applications such as optoelectronic devices, lasers and light emitting diodes.
Recently, the diﬃculty in obtaining high quality p-type ZnO has attracted much
attention.
Considerable eﬀort has been made to obtain p-type ZnO by doping with the group-
V elements N, P, As, and Sb, with the anticipation of replacing oxygen atoms in the
ZnO lattice. However, experimentally these dopants can produce both p-type and
n-type conductivity. Here the results of ﬁrst principles density functional theory
calculations performed using the AIMPRO code are presented. By evaluating the
relative energies of substitution on the oxygen and zinc sub-lattices, it is possible to
predict the most likely forms of doping centres that might be achieved depending
both upon the dopant species and whether the ZnO is grown under oxygen or zinc
rich conditions.
As a general trend, it is found that dopants tend to be stabilised in environments
where covalent bonds with oxygen can be formed, such as substitution on the zinc
sub-lattice. The doping properties of the group-V elements can be best understood by
not considering the dopant atoms individually, but as a part of an atomic group such
as phosphate and nitrate ions either substituting for host atoms, or lying in interstitial
sites. The preferential formation of dopant-oxygen bonds leads to a revision of the
zinc-vacancy based model for p-type doping (such as P-(VZn)2 complexes) to structures
involving interstitial oxygen.
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Chapter 1
Introduction
1.1 The problem: the formation of p-type, semi-
conducting ZnO
ZnO is an ionic material made up from Zn+2 and O−2. It is a transparent, semi-
conductor with a direct, wide band-gap (3.4 eV) and large exciton binding energy
(60meV) that makes ZnO a promising material for possible applications such as op-
toelectronic devices, high eﬃciency lasers operable at room temperature and light
emitting diodes [1–4]. It can be degenerately doped n-type and free electron concen-
trations in excess of 1021cm−3 are achievable [5]. Indeed, ZnO exhibits n-type con-
ductivity even without any intentional doping: possible sources of donors have been
suggested to be native defects such as the oxygen vacancy [6], or extrinsic defects such
as hydrogen [7, 8].
In contrast, the growth of p-type ZnO has proved to be diﬃcult. The diﬃculty in
obtaining p-type ZnO is mainly attributed to the unintentional n-type doping. Very
recently, doping problems have attracted much attention and thereby considerable
eﬀorts have been made to obtain p-type ZnO by doping with group-V elements (N,
P, As and Sb) as traditional p-type dopants. Amongst these group-V elements, N is
possibly the most popular p-type dopant [9, 10], and high hole carrier concentrations
1
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ZNO 2
from N impurities (1017–1019 cm−3) have been achieved experimentally [10, 11].
However, theoretical studies show that there is a diﬃculty in explaining the p-type
activity as nitrogen substituting for oxygen at room temperature [12–15].
Perhaps some clues can be taken from the nature of the molecular source of ni-
trogen used to dope the material. For example, some experimental work reports
obtaining p-type ZnO ﬁlms using NO gas [16–18] as the oxygen source and nitrogen
dopant. However, nitrogen-doped ZnO ﬁlms produce n-type conduction when using
an N2 or NH3 [17, 19]. This may point to a more complex, molecular doping eﬀect,
rather than the traditional doping where a group-VI element is replaced by a group-V,
or a group-II by a group-I.
Molecular doping may be further supported by atomistic simulations that show
the doping eﬃciency of N acceptors is limited by the compensation eﬀect by the N2
complex, which behaves as a double donor [20].
However, the location of the group-V impurities in the ZnO lattice is still a matter
of debate. Recent x-ray emission experiments [17] have been interpreted as suggesting
that p-type ZnO does not reﬂect N substitution of O, but something more complex,
perhaps involving N2 species. In addition, experiments using an emission channelling
technique seem to verify that the majority of arsenic atoms occupy Zn sites [21] in
p-type material. Also, p-type ZnO with a high carrier concentration (3.3×1020 cm−3),
a hole mobility of 12.1 cm2V−1s−1, and with a low resistivity (1.6 × 10−2 Ωcm) has
been achieved with antimony doping and the X-ray photo-electron spectroscopy shows
here too that the majority of group-V atoms reside on the Zn site [22].
Temperature and composition eﬀects also provide useful information as to the
nature of the acceptors and donors formed in group-V doped ZnO. There can be a
change of the type of conductivity from p-type to n-type upon annealing, which can
be attributed to the evaporation of oxygen gas from the samples, correlated with the
formation of native donors. Furthermore, whether the material is zinc rich or zinc
lean during growth can have a strong inﬂuence over the electrical conduction [23].
Where p-type conduction is achieved, say in P-doped ZnO, a widely held model
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for the origin of the shallow acceptor state is a combination of the triple-donor conﬁg-
uration of P on a zinc site combined with two zinc-vacancies, [24, 25] since each VZn
behaves as a double acceptor [24]. Such a centre would naturally be most favourable
in oxygen-rich (zinc-lean) conditions, but suppressed in zinc-rich conditions, which is
as observed. A natural explanation for the eﬃcacy of phosphorus-based p-type doping
may be envisaged to be based on these centres.
An alternative native defect which yields a double-acceptor level is the oxygen-
interstitial [26, 27]. This defect also acts as a donor as the interstitial O atom may
either be in a non-bonded anion state, or chemically react with the lattice where it
forms an O2 molecule on the O-site which is thought to be a donor.
1.2 Methodological approach
The subject of this thesis is the proposition of alternative mechanisms for the for-
mation of p-type ZnO based upon the use of group-V elements. In so doing, a wide
range of both donor and acceptor defects have been examined so that the relative
probabilities of their formation can be estimated.
However, to reach a conclusion as to which of the many possible combinations of
intrinsic centre with one or more group-V impurities is lowest in energy, and therefore
most likely, one needs a quantitative approach. In this thesis, the approach adopted
is based upon the standard quantum-mechanical method for such problems: density
functional theory.
Indeed, the existing modelling performed for the electrical activity of group-V
elements in ZnO is mostly based upon similar methods to those used here [20, 25,
27–35]. Although there are some challenges in the application of density functional
theory to the electronic structure of ZnO and defects therein, not least of which is
the underestimate of the band-gap, the properties of point defects obtained from the
modelling generally agrees well with experiment. For example, the O–H vibrational
modes obtained using infra-red absorption spectroscopy for complexes made up from
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hydrogen trapped at a zinc-vacancy are reproduced well by theory [36].
Therefore, the strength of the computational framework can be exploited to make
predictions regarding the likely structures that should be present in group-V doped
material. More speciﬁcally in so doing, the modelling provides speciﬁc spectroscopic
targets, such as vibrational modes, for experiment to look for.
1.3 Thesis structure
The thesis is divided into three parts: theory and AIMPRO modelling, application,
conclusions and future work. Each part is divided into chapters and a summary of the
content of each chapter is provided below, along with general references that might
be helpful to the reader.
1.3.1 Part I - Theory and Method
Part I outlines the methodology employed in order that the semiconductor problem
of interest can be understood.
Chapter 2 - Theory
This chapter involves an overview of many-body quantum mechanics and approxima-
tions used to solve the associated Schro¨dinger equation. This follows the development
from methods such as Hartree-Fock to those of density functional theory. The key
approximations used are also outlined, including the local density approximation for
exchange-correlation and pseudo potentials used to eliminate the need to simulate the
core electrons that do not participate in the formation of chemical bonds.
Chapter 3 -AIMPRO
Based upon the fundamental approximations highlighted in Chapter 2, there are ad-
ditional approximations in their application. In addition, one can determine, amongst
other things, the properties of defects in crystalline solids. In Chapter 3, the various
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mathematical approximations are explained, such as basis sets and the treatment of
the Brillouin zone. This chapter also outlines how the experimental observables such
as vibrational modes and electrical levels are estimated.
1.3.2 Part II - Application
This part includes the results of ab initio calculations which have been obtained
through the use of the modelling package, AIMPRO. These results are discussed in
the context of experimental observations, and conclusions drawn as to the likely role
of group-V elements in p-type doping.
Chapter 4 - Native defects
Since many of the defects of interest involving the group-V dopants are complexes
with native defects (self-interstitials and vacancies), in this chapter a study of the
properties of native defects is presented. In particular, their energies, geometries and
electrical levels are reviewed, and where appropriate compared with values from the
literature.
Chapter 5 - Nitrogen Doping ZnO
This chapter presents a study of the role of nitrogen as a dopant in ZnO to produce
p-type material. The structure, electrical levels and vibrational modes of nitrogen-
related defects are presented. The relative role of molecular groups which are inter-
nally covalently bonded to the conventional nitrogen acceptor on an oxygen site forms
the focus of the discussion in this case.
Chapter 6 - Phosphorus, Arsenic and antimony doping ZnO
The ﬁnal application chapter focuses on the possibility of other group-V doping such
as phosphorus, arsenic and antimony, may act as p-type dopants in ZnO are presented.
Again, the role of covalent bonding in these centres is shown to be important.
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1.3.3 Part III - Conclusions
Chapter 7 - Summary
In the ﬁnal chapter the general conclusions are presented and some possible future
avenues of research in these subjects are suggested.
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1.4 Abbreviations
The following abbreviations have been used within this thesis.
Abbreviation Deﬁnition
AIMPRO Ab Initio Modelling PROgram.
DFT Density Functional Theory.
HF Hartree-Fock theory.
BZ Brillouin Zone.
LDF Local Density Functional.
LDA Local Density Approximation.
MP Monkhorst-Pack.
NEB Nudged Elastic Band.
PL Photoluminescence.
EPR Electron Paramagnetic Resonance
XPS X-Ray Photoelectronic Spectroscopy
IR Infrared
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1.5 Notation
The following notations have been used throughout this thesis.
Notation Deﬁnition
Eksg Kohn-Sham Energy Gap.
EGS Ground State Energy.
Q Charge State.
Ekin Kinetic Energy.
Vext External Potential.
Exc Exchange Correlation Energy.
UH Hartree Energy.
Veff Eﬀective Potential.
T Temperature.
Ev Valance band top.
Eb Binding Energy.
RT Room Temperature.
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Chapter 2
Theory
2.1 introduction
The task to be addressed in the simulation of collections of atoms is essentially one
of quantum mechanics. The equations of motion of electrons in the ﬁelds of a set of
nuclei can be treated in a number of ways, but those termed ab initio techniques are
methods used to solve the Schro¨dinger equation without the use of any experimental
input (ab initio means from ﬁrst principles). All these particles interact with each
other under Coulomb electrostatic forces. Only in a few cases, such as the hydrogen
atom is a complete analytic solution available, and this becomes very complicated
when the number of particles in the system increases, solids, for example, which
consist of considerable arrays of atoms. There are many complexities underlying the
application of these techniques to diﬀerent classes of system.
2.2 The Schro¨dinger Equation for a many-body
problem
The aim of an ab initio method is to ﬁnd the solution to an approximation to the
many-body Schro¨dinger equation for the system being studied.
10
2.2. THE SCHRO¨DINGER EQUATION FOR A MANY-BODY PROBLEM 11
The Schro¨dinger equation for a single particle in three dimension is
[
− ~
2
2m
∇2 + V (~r)
]
ψ(~r) = Eψ(~r) (2.1)
where
− ~
2
2m
∇2 + V (~r) = Hˆ (2.2)
so
Hˆψ(~r) = Eψ(~r) (2.3)
where ψ(~r) is the wave function for the particle eigenstates, E is the total energy,
and Hˆ is the Hamiltonian for one particle. The Hamiltonian for a system of N non-
interacting particles is
Hˆ =
N∑
i
Hˆi (2.4)
where
Hˆi = − ~
2
2mi
∇2i + Vext(~ri) (2.5)
where ∇2i is the standard, three dimensional second derivative with respect to position
for particle i, and
Hˆiψ(~r) =
∑
i
− ~
2
2mi
∇2iψ(~r) + Vext(~ri)ψ(~r) = Eiψ(~r) (2.6)
where the external potential due to the nuclei is Vext, ψ(~ri) contains all of the ground
state information about the system, including the potential from the electron density
of the other particles. In general, for an interacting system the wave function depends
on 3N electronic degrees of freedom, and the Schro¨dinger equation is extremely hard to
solve. We need to ﬁnd the ground state energy for a system composed of N interacting
fermions, in particular electrons. The Hamiltonian is:
Hˆ = Tˆe + Tˆn + Vˆee + Vˆnn + Vˆen (2.7)
where Tˆe represents the kinetic energy of the electrons, Tˆn represents the kinetic
energy of the nuclei, and there are three types of interaction, represents by the three
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terms Vˆnn, Vˆne, and Vˆee which are between nuclei-nuclei, nuclei-electrons, and between
electrons. That leads to an equation which is extremely diﬃcult to solve:
HˆΨ = EΨ (2.8)
where
Hˆ =
∑
i
− 1
2Mi
∇2i +
1
2
∑
i6=j
ZiZj
|Ri − Rj| +
∑
k
1
2
∇2k
+
1
2
∑
k 6=l
1
|rk − rl| −
∑
k,i
Zi
|rk − Ri| (2.9)
where (R, r) are the positions of nuclei, and electrons. We have used atomic units ~ =
e = m = 4πǫ0 = 1. The ﬁrst and third terms represent the kinetic energy of the nuclei
and the electrons. All other interactions are Coulomb in nature (nucleus-nucleus,
electron-electron and electron-nucleus, respectively). To simplify equation (Eq. 2.9)
two main approximations can be used to simplify the Hamiltonian to give a soluble
problem. The ﬁrst approximation replaces the ﬁnal term of (Eq. 2.9) by a pseudo
potential (see Sec.3.3). The second approximation considers that the electrons respond
fast compared to the ion cores. This leads to the Born-Oppenheimer approximation
[37].
2.3 Density functional theory
Density functional theory (DFT) is a quantum mechanical theory based on the con-
ception of the single electron density as a fundamental variable. Density functional
theory is a popular method and has been used in computational physics and compu-
tational chemistry calculations to investigate the electronic structure, principally the
ground state of many-body systems. Density functional theory calculates the total
energy of an electron gas in the presence of a background potential Vext(~r) [38]. Den-
sity functional theory describes the system in terms of the electron density, rather
than the many-body wave function, for a system consisting of N electrons. The most
widely used approximation is the Local Density Approximation (LDA) [38], which
approximately treats the exchange-correlation energy of an inhomogeneous system.
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2.3.1 Hohenberg-Kohn theorem
For a system of N interacting electrons in a non-degenerate ground state, the density
n(~r) uniquely determines the potential Vext(~r), up to an arbitrary constant (Hohenberg
and Kohn [38, 39]). To prove this Hohenberg and Kohn theorem for non-degenerate
ground states, consider two trial wave functions Ψ1 and Ψ2 at the same density, but
arising from diﬀerent external potentials, V1 and V2. The variational principle gives
E1 = 〈Ψ1|H1|Ψ1〉 < 〈Ψ2|H1|Ψ2〉 (2.10)
clearly
H1 = H2 + (V1 − V2) (2.11)
so this gives
E1 ≤ 〈Ψ2|H2 + V1 − V2|Ψ2〉 (2.12)
E1 < E2 + 〈Ψ2|V1 − V2|Ψ2〉 (2.13)
E1 < E2 +
∫
n(r)[V1 − V2]dr (2.14)
interchanging symbols 1↔ 2 gives (since both Ψ1 and Ψ2 have been assumed to have
the same charge density)
E2 < E1 +
∫
n(r)[V2 − V1]dr (2.15)
or
E1 > E2 +
∫
n(r)[V1 − V2]dr (2.16)
(Eq. 2.14) and (Eq. 2.16) are contradictory.
Hence it is impossible for systems with diﬀerent potentials to give the same n(~r).
This means that V, and the energy, can be written as a functional of n(~r).
The second Hohenberg-Kohn theorem states that the true ground state charge
density is that which minimises the total energy.
E[n] = min
Ψ→n
〈Ψ|Hˆ|Ψ〉 (2.17)
min
Ψ→n
〈Ψ|Hˆ|Ψ〉 = min
Ψ→n
〈Ψ|Tˆ + Vˆee|Ψ〉+
∫
d3rVext(~r)n(~r) (2.18)
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where all wave functions are constrained to yield n(~r), Hohenberg-Kohn introduced a
universal functional, deﬁned as:
F [n] = min
Ψ→n
〈Ψ|Tˆ + Vˆee|Ψ〉 (2.19)
F [n] is universal, that is, same for all electronic structure problems. The ground state
energy is:
EGS = min
n
E[n] = min
n
[
F [n] +
∫
d3rVext(~r)n(~r)
]
(2.20)
where the search is over all N-electron densities. The minimum energy density is then
the exact ground state density. Finally the Euler-Lagrange variational equation for
this problem is:
δF
δn(~r)
+ Vext(~r) = µ (2.21)
where µ is the chemical potential. F [n] is unknown, and depends on the electron-
electron interactions.
2.3.2 Kohn-Sham formulation
We proceed by considering a non-interacting system in an unknown potential vs(~r)
chosen so that its electron density is the sum as the real system. The kinetic energy
of such a system is given by:
Ts[n] = min
Ψ→n
〈Ψ|Tˆ |Ψ〉 (2.22)
Now we will rewrite F [n] as
F [n] = Ts[n] + U [n] + Exc[n] (2.23)
where U [n] is the Hartree energy for Coulomb interactions, deﬁned by
U [n] =
1
2
∫
d3r
∫
d3r´
n(~r)n(~´r)
|~r − ~´r| (2.24)
and Exc[n] is the exchange-correlation energy. The potential in the Kohn-Sham equa-
tion is then:
vs(~r) = vext(~r) +
δU [n]
δn(~r)
+ vxc[n](~r) (2.25)
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where vxc[n](~r) is the exchange-correlation potential, deﬁned by
vxc[n](~r) =
δExc[n]
δn(~r)
(2.26)
This must then be approximated. Kohn and Sham [40] using this approach derived
the equations
−12∇2 + vext(~r) +
∫
d3r´
n(~´r)
|~r − ~´r| + vxc[n](~r)

ψi(~r) = εiψi(~r) (2.27)
now known as the KS equations.
2.3.3 Local Density Approximation
The Local Density Approximation (LDA) is an approximation for the exchange-
correlation energy functional in density functional theory (DFT). It is based on the
exchange-correlation energy of a homogeneous electron gas, for which the kinetic and
exchange energies can be calculated analytically, and the correlation part accurately
approximated. The exchange-correlation functional for an inhomogeneous system is
then deﬁned within the LDA [41] as:
Exc[n(r)] =
∫
d3rn(~r)εunifxc (n(~r)) (2.28)
where εunifxc (n) is the exchange-correlation energy per electron in a homogeneous elec-
tron gas with density n. The LDA is a common and simple approximation for this
functional, it is local in the sense that the electron exchange and correlation energy at
any point in space is a function of the electron density at that point only [42]. To fa-
cilitate development of this, the exchange-correlation Exc[n] function can be separated
into two parts as:
Exc[n(r)] = Ex[n(r)] + Ec[n(r)] (2.29)
For a non-spin polarised system, with density [n(r)], it is easily shown that [43]
Ex[n] = −32
( 3
8π
) 1
3
n
4
3 (2.30)
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This can be extended [44] to a spin polarised system Exc[n↑, n↓] thus:
Ex [n↑, n↓] = −32
( 3
4π
) 1
3
[
n
4
3
↑ + n
4
3
↓
]
(2.31)
The second term in equation (Eq. 2.29), Ec[n(r)], is signiﬁcantly more complicated
to ﬁnd. There are many methods used to treat this problem numerically, like the
parameterised functionals of Perdew and Zunger (PZ) [45], Vosko-Wilk-Nusair [46],
and Perdew and Wang [47]. The parameters come from a ﬁt to expressions derived
in the low electron density regime [45] and high electron density regime [48]. The
LDA approximation is successful for inhomogeneous systems when the charge density
is slowly varying. On the other hand the LDA leads to an underestimate of the band-
gap largely due to self-interaction. For example in the LDA the ZnO band-gap is ∼
1.4 eV, where the experimental band-gap for ZnO is 3.4 eV.
2.3.4 Generalised Gradient Approximation
The generalised gradient approximation (GGA) improves upon the LDA by adding
a new factor Fxc to the equation (Eq. 2.28). The exchange-correlation is treated
numerically in the formalism of Perdew, Burke and Ernzerhof (PBE) [49], and Patton,
Porezag, and Pederson [50] in the form.
Exc[n(r)] =
∫
d3rn(~r)εunifxc Fxc(n↑, n↓, |∇n↑|, |∇n↓|) (2.32)
This tends to improve binding energies, bond lengths, atomisation energies, energy
barriers, and structural energy diﬀerences at least for small molecules. However the
band gap underestimate is still not ﬁxed. For defects in bulk semiconductors, the
GGA does not consistently produce better results than LDA, so the work in this
thesis applies the LDA to ZnO.
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The Modelling Package AIMPRO
3.1 Introduction
AIMPRO is a computer modelling package which uses density functional theory with
a choice of diﬀerent functionals, pseudo potentials and simulation techniques for ex-
perimental observables. The electrons (more correctly the Kohn-Sham functions) are
expanded using a Gaussian orbital basis set [51]. This combination of techniques is
successful for describing the many semiconductor properties, and generally gives good
results when compared with experiment.
3.2 Boundary conditions
Boundary conditions are fundamental in the solution for any set of diﬀerential equa-
tions. Two kinds of boundary conditions can be employed in AIMPRO: the ﬁrst cor-
responds to non-periodic systems, which is suitable for molecules and clusters; the
second applies periodic boundary conditions, which is particularly suitable for crys-
talline systems. Only periodic boundary conditions have been used for calculations in
this thesis.
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3.2.1 Periodic boundary conditions
This boundary condition describes a solid crystalline system, where the a unit cell
is eﬀectively repeated inﬁnitely in all directions. Periodic systems can eliminate the
problems of surface termination and associated defect-surface interaction. However,
other problems are introduced: as a consequence of repeating the unit cell, a defect will
also be repeated and this introduces defect-defect interaction, necessitating the use
of large numbers of atoms to avoid spurious eﬀects. In particular, the supercell must
be chosen large enough so that these interactions do not have a signiﬁcant inﬂuence
on the properties being studied, which in the case of doping may be characterised as
a combination of electronic interactions (the direct overlap of electron states between
supercells), electrostatic interactions, and elastic interactions due to the displacements
of atoms in the vicinity of a point defect not decaying to zero within the supercell.
The modelling of ZnO as applied in this thesis is made up of linear combinations
of the primitive units for bulk ZnO. The primitive cell for ZnO is a hexagonal lattice
with a basis of four atoms. Table 3.1 shows the parameters of the cell used in this
study. Most calculations presented are based upon the 192 atom supercell, with both
smaller and larger cells being used as tests for convergence.
In particular, it should be noted that because of the relatively long-range pertur-
bation of the lattice for many doping centres, the 72-atom supercells are not suﬃcient
for some calculations of formation energies. In some cases, structures that are ob-
tained to be stable in this supercell size are completely unstable in those with longer
lattice vectors, i.e. the errors due to the small cell size may be qualitative as well as
quantitative.
3.2.2 Brillouin Zone Sampling
Many observables are calculated in the supercell approach require integrals the Bril-
louin zone. For example, the total energy and electron density can be expressed in
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Table 3.1: Details of lattices of the primitive unit cell of Wurtzite ZnO, and
the supercells used in the simulation of point defects. The lattice vectors are
expressed in the normal Cartesian form with components in the directions
(~i,~j,~k), and a and c are the hexagonal lattice constants.
No. of atoms Composition Lattice Vectors
4 Zn2O2 a(1, 0, 0) −a2(1,
√
3, 0) c(0, 0, 1)
72 Zn36O36 3a(1, 0, 0) −3a2 (1,
√
3, 0) 2c(0, 0, 1)
192 Zn96O96 4a(1, 0, 0) −4a2 (1,
√
3, 0) 3c(0, 0, 1)
400 Zn200O200 5a(1, 0, 0) −5a2 (1,
√
3, 0) 4c(0, 0, 1)
the form:
Etot =
1
VBZ
∫
1st BZ
E(k)d3k (3.1)
n(r) =
1
VBZ
∫
1st BZ
nk(r)d3k (3.2)
where VBZ is the volume of Brillouin zone (2π)3/Ω. These integrals are very computa-
tionally expensive to evaluate as the functions E(k) are time consuming to ﬁnd in any
but the most simple systems. Since in practice the electron wave-vector, ~k, depen-
dence of the electron energies is not known analytically, a strategy has to be adopted
to perform these integrals numerically: integrals are approximated using sums over
ﬁnite grids of k-points.
Etot ≈
∑
i
E(ki)wi (3.3)
in which wi is a weighting to ensure that the integral reﬂects the symmetry and internal
structure of the Brillouin zone. The question then arises as to the most eﬃcient set
of ki, or what is the fewest number of electronic structures that needs to be obtained
in order to obtain an integral which is suﬃciently accurate.
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There are some methods for choosing single k-points which consider the simplest
case to give the mean value of the function, such as that of Baldereschi [52]. Another
single-point approximation commonly used is to neglect the k-dependence entirely,
by evaluating the electronic structure only for the null electron wave vector. Since
the Brillouin zone centre is always labelled as Γ, this approximation is termed the Γ-
point approximation, which works best for large systems where band-structure folding
means that electron dispersion is accommodated at this point.
A further method introduces a set of special k-points and takes the average over
the Brillouin zone [53, 54]. Another method, which has proved extremely successful
and has therefore been widely adopted, was proposed by Monkhorst and Pack [55]
which is the method use in the results presented in this thesis.
In brief, the Monkhorst-Pack scheme uses a uniformly spaced mesh of k-points over
the Brillouin zone. The density of this mesh can be easily varied to test the accuracy
(and convergence) of an integral over the Brillouin zone. For a typical supercell used
for the simulation of point defects, the lattice vectors are chosen such that they all have
approximately the same length. In a cell that can be described as being approximately
cubic, and which has approximately isotropic contents, the number of k-points rapidly
increases with the sampling density. For example, increasing the sampling mesh from
two points in each reciprocal lattice direction to three points, increases the number
of k-points (neglecting symmetry) by a factor of more than three. Since the time of
a calculation scales linearly with the number of k-points, the meshes used in practice
must be chosen carefully.
For bulk ZnO, taking the 72-atom supercell (table 3.1), the energy was calculated
for a range of sampling schemes. The absolute variation in energy is shown in table 3.2.
The impact of sampling has been tested in an additional way. For a sample 72
atom supercell containing a P-related defect centre (chapter 4, 5 and 6), the energy
diﬀerence between 2× 2× 2 and 4× 4× 2 is 0.1meV per atom.
It should be noted that energy diﬀerences tend to converge more rapidly with
sampling than absolute energies, so that in general formation energy diﬀerences (which
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Table 3.2: Relative total energy per atom (meV) for a 72-atom supercell of
bulk ZnO as a function of sampling scheme. The zero of energy is taken from
the energy with a sampling mesh of 4× 4× 3.
Mesh: Γ 2× 2× 2 3× 3× 2 4× 4× 3
Relative energy: 29.69 0.14 0.05 0.00
are shown extensively in the applications chapters) are most likely to be converged to
an even better degree than the absolute errors highlighted here, at least in terms of
the dependence upon the sampling.
3.3 Pseudo potentials
The pseudo potential approximation is an attempt to replace the complicated eﬀects
of the core electrons of an atom and its nucleus with an eﬀective potential, so that
the Schro¨dinger equation contains a modiﬁed eﬀective potential term instead of the
Coulomb potential term for core electrons. Within modern density functional theory,
the majority of the pseudo potentials used in electronic-structure calculations are
generated from all electron atomic calculations. Pseudo potentials are designed on the
basis of division of the atom into two regions rc ≥ r which deﬁned as the core region
near the nucleus, and r ≥ rc deﬁned as the as the valence region, which determines
the chemical and physical properties of the material and is responsible for atoms
bonding. Fig. 3.1 shows that the electron wave functions near the nucleus oscillate
and are rapidly changing, while becoming non-oscillatory and smooth further away
from the core r ≥ rc. Outside the core the pseudo wave function should be virtually
identical to the electron wave function.
Ψps = Ψr (3.4)
when r ≥ rc and the potentials should also agree, Vps = V .
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Figure 3.1: Schematic diagrams illustrating the concept of the pseudo-wave
function (top) and the pseudo-potential (bottom) utilised to replace core
electrons. The cut-oﬀ radius rc indicates the deﬁned region at which point
the systems must match. The pseudo wave function and potential are plotted
with a full red line whilst the true all-electron wave function and core potential
is plotted with the dotted blue line.
Many kinds of pseudo potential have been developed, but the formalism used
throughout this work is that of Troullier and Martins (TM) [56].
3.4 Basis Sets
It is normal for density-functional simulations to represent some of the key variables,
and in particular the electron functions (i.e. the Kohn-Sham functions) in terms of a
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basis. The more freedom a basis has, the more accurately it may be able to represent
the functions, but the more computational cost must be paid. For electronic structure
calculations, the two common types of basis sets are plane waves and Gaussian type
orbitals.
The former have two advantages. First, they are by construction solutions to a
periodic potential (i.e. they are solutions in Bloch’s theorem), and since they also
automatically form an orthogonal set, the number of basis functions can be system-
atically varied to obtain a converged result (provided CPU and memory constraints
allow). However, very large basis sets are required to represent localised states such
as those seen molecules and defects.
Gaussians have the advantage of phenomenologically representing localised states,
but the computational exploitation of them is less straight forward than is the case
for plane waves. Importantly, since they do not form an orthogonal set, they cannot
be methodically converged, and one has to take care to choose basis sets that accu-
rately represent the system of interest. However, the computational advantages of the
Gaussian approach out-weigh the disadvantages, and it is this type of function that
is employed in AIMPRO. They have the form:
φ(r − Ri) = (x− Rix)n1(y −Riy)n2(z − Riz)n3e−α(r−Ri)2 (3.5)
where n1, n2 and n3 are integers.
∑
ni = 0, 1, 2, ... correspond to the conventional
labelling of the the orbitals like s-, p-, d-, . . . which may be further extended to
generate in higher order basis functions1.
The values of α dictate the widths of the functions in real space, and these are
chosen to span the usual length scales associated with bonding and crystal lattices
involving the associate atomic species. For example, the basis sets used to represent
O and Zn in ZnO are optimised so that they yield a minimum in total energy for
bulk ZnO. Similar procedures are used in the determination of the exponents for the
impurity species.
1Note, this construction actually generates combinations of angular momenta. For example, for∑
ni = 2, one term is of the form x
2 + y2 + z2, which is spherically symmetric and therefore s-like.
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A short-hand notation for a basis set has been adopted, where the highest or-
bital angular momentum included in the basis for increasing exponent is listed. For
example, ddpp corresponds to a set of s-, p- and d-Gaussians for the smallest and
second smallest exponents, plus s- and p-Gaussians for the second largest and largest
exponents. Typical values for the smallest exponent is of the order of 0.1. The largest
exponent is typically in the range of 5–10.
For the results presented in this thesis, the basis used for the modelling of Wurtzite
ZnO are given in table 3.3
Table 3.3: Parameters deﬁning the basis sets used to represent the Kohn-
Sham functions in this study. The notation is deﬁned in the text. The
exponents, αi, are listed, and have units of a.u.−2.
Atomic No.
species functions Basis Exponents
Zn ddpp 28 0.18953 0.80047 3.38071 14.27813
O ddpp 28 0.27500 0.85964 2.68718 8.40000
N ddpp 28 0.21810 0.78062 2.79396 10.00000
P ddppp 32 0.26647 0.66950 1.68210 4.22625 10.61838
As ddpp 28 0.25431 0.60307 1.43010 3.39131
Sb ddpp 28 0.16788 0.36410 0.78967 1.71266
S ddpp 28 0.16338 0.50666 1.57124 4.87266
Se ddpp 28 0.13746 0.42427 1.30957 4.04211
It is obviously of great importance that the computational framework can correctly
model bulk ZnO before one can have conﬁdence in the properties of defects and
dopants in this material. The combination of basis sets for Zn and O yields an
average error of ∼ 0.6% and ∼ 0.3% in the two lattice constants, a and c compared
to experiment: the equilibrium lattice constants are calculated to be a = 3.269 A˚ and
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c = 5.189 A˚, respectively, which are in good agreement with experimental value of
a = 3.249 A˚ and c = 5.204 A˚. In addition there was a ∼ 7% in the bulk modulus
compared with experimental value for the Zinc-Blende structure.
Finally, as an indication of the convergence of the basis, the band-structure was
calculated using ddpp basis sets for both Zn and O yielding a value of 1.4 eV (ﬁg-
ure 3.2). With a larger, dddp basis, the change in the band-structure is very small,
such that if the two calculations are plotted on the same axes, they cannot be visually
distinguished.
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Figure 3.2: Plot of band structure of bulk w-ZnO. Occupied (empty) bands
are shown as red and blue crosses, respectively.
Fig. 3.2 shows the band-structure calculated for bulk Although this band-gap is
converged with respect to basis, this calculation highlights one of the main problem as-
sociated with functionals: the underestimation of the band-gap due to self-interaction.
Since the band-gap is calculated to be 1.4 eV, whereas in experiment it is 3.4 eV, it
seems highly likely that such an error may strongly aﬀect, for example, the calculation
of electrical levels. The impact of the underestimate is discussed in section 3.9. How-
ever, it is noted that one solution to this problem might be the use of the alternative
fundamental approximations, such as screened exchange [57]. Although this has not
been available for the current simulations it is the subject of future work, as described
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in chapter 7.1.
A second part of the basis occurs in the representation of the charge density. Since
periodic boundary conditions are used, it is possible to Fourier transform the charge
density and then represent it eﬃciently using a convergable plane wave basis. In this
way matrix elements of the Hamiltonian are determined using a plane wave expansion
of the density and Kohn-Sham potential [58] with, in the current calculations, a cutoﬀ
energy of 150Ry.
As with the choice of Gaussian basis for the Kohn-Sham functions, the plane-
wave basis must be chosen carefully to ensure that the physical system is modelled
suﬃciently accurately. However, since this is a relatively minor component of the
calculation in terms of the computational time, one normally selects a relatively large
value. Indeed, the choice of 150Ry yields a well converged total energies with respect
to the charge density basis at an absolute level.
3.5 Self-Consistency methods
Self-consistency has a key role in ab initio electronic structure calculations to solve
the Kohn-Sham equations (Eq. 2.27). Self-consistent methods attempt to ensure that
the output charge density nr(r) obtained from the Kohn-Sham potential Vext is the
same as the input charge density ni(r) used to generate Vext within a certain numerical
tolerance R = n0(r)− ni(r). The obvious strategy is to start with an initial guess for
the charge density, which is generally taken from a superposition of neutral atomic
species for the same system. Self-consistent calculations can proceeding mixing ni(r)
and n0(r) and using the result as input to the next cycle, attempting to decrease R
at every step [59].
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3.6 Structural Optimisation
After obtaining a solution of the Kohn-Sham equation using a self-consistent method,
forces between atoms can be found analytically and used to determine the lowest
energy structure for a system of atoms. The force on any atom (a) in the system in
the direction (l) is given by the following equation:
fla = − ∂E
∂Rla
(3.6)
where Rla is the position of atom a, and l is the direction of the force (x, y or z). This
derivative is found analytically [60]. In order to ﬁnd the lowest energy for a system
once the forces are known, the conjugate gradient method [61,62] is used. Structures
are optimised until the change in energy between iterations is less than 10−5Ha, and
forces are below 10−3a.u.
3.7 Calculation of Diffusion Barriers
An important problem in condensed matter physics and theoretical chemistry is the
understanding of the energetics of the diﬀusion of a defect atom through a lattice, or
the reorientation of a defect centre. The atoms that make up the system move along
continuous paths between two states which are stable (or metastable). This system is
most likely to move along the paths with the lowest intermediate energy maximum.
This path is called the minimum energy path (MEP), the structure with the highest
energy along this path is called a saddle point and its energy is an important quantity
in the study of transition processes. There are many approximation methods that
use local information to ﬁnd the saddle point between the end points. An eﬃcient
and reliable method for ﬁnding an approximate minimum energy path is the nudged
elastic band (NEB) method [63–66].
The migration calculations are implemented within AIMPRO via use of the suc-
cessful nudged elastic-band method (NEB). There are many variations on the NEB
method, including the climbing image nudged elastic band. Nudged elastic band is
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used to ﬁnd a saddle points and minimum energy paths between two known stable
structures. The method works by optimising a number of intermediate images along
the reaction path. These images are moved according to the force acting on them
perpendicular to the path and an artiﬁcial spring force keeping the images spaced
along the MEP. The highest energy image gives a good estimate of the transition
state. The climbing image is a small modiﬁcation to the NEB method in which the
highest energy image is driven up to the saddle point. This image does not feel the
spring forces along the band. Instead, the true force at this image along the tangent
is inverted. In this way, the image tries to maximise its energy along the band, and
minimise in all other directions. When this image converges, it will be at the exact
saddle point. Because the highest image is moved to the saddle point and it does
not feel the spring forces, the spacing of images on either side of this image will be
diﬀerent. It can be important to do some minimisation with the regular NEB before
this method is used, both to have a good estimate of the reaction co-ordinate around
the saddle point, and so that the highest image is close to the saddle point. If the
maximum energy image is initially very far from the saddle point, and the climbing
image was used from the outset, the path would develop very diﬀerent spacing on
either side of the saddle point.
3.8 Vibrational modes
A molecule or a defect in a solid has special patterns of vibration in which each atom
vibrates with a diﬀerent amplitude but with the same frequency. These are called
normal modes and are important because they can be observed using infrared (IR)
absorption or through Raman scattering experiments. Modes are IR-active if the
change of the bond length causes a change in electric dipole, while Raman active
modes rely on changes in the polarisability.
The vibration modes calculations throughout this thesis are implemented within
AIMPRO via the use of the quasi harmonic frequency, which is very close to experiment
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for all atoms other than hydrogen (where errors of say 100 cm−1 may result from
this approximation). The force constants for the dynamical matrix are obtained by
displacing the selected atoms in the x, y and z directions by 0.1a.u., and calculating
the forces on all atoms. The second derivative of the energy with respect to the
displacement is then obtained by a ﬁnite diﬀerence formula using the analytical forces.
The ability to calculate vibrational frequencies is very valuable as they are sensitive
to structure and a comparison of calculated with experimental values can be a powerful
tool in characterisation. An example of this as in (Chapter 5).
3.9 Formation Energies and Electrical Levels
Several important quantities can be obtained from density functional theory. Firstly,
the formation energy of a defect, which is one of the most important factors in its
solubility and stability. Secondly, electrical levels of defect, which the lowest energy
charge state of the system change associated with a defect, which can explain the
conductive properties, and optical transitions of the material. Thirdly, the binding
energy of a complex defect in the same structure.
3.9.1 Formation Energy
The formation energy is deﬁned for the defect system as a function of the chemical
potentials of the atomic species of the material and electrons. The chemical potential
(µx) of the species (x) is deﬁned as the derivative of the Gibbs free energy with respect
to the number of particles of the species (Nx):
µx =
δG
δNx
(3.7)
G = E + PV − TS, (3.8)
where E is the internal energy, P is pressure, V is volume, T is the temperature, and
ﬁnally S is the entropy. The species in this equation could be atoms and/or electrons.
For solid-state situations, the PV term is very small and can be neglected, and TS
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is typically small for moderate temperatures (say up to around room temperature).
Neglecting these terms, the formation energy may be expressed as:
Ef(X, q) = Etot(X, q)−∑
i
niµi + q(Ev(X, q) + µe) + χ(X, q), (3.9)
where Etot(X, q) is the total energy of system X in charge state q. ni is number of
atoms, µi denotes the chemical potential of atomic species, Ev(X, q) is the energy of
the valance-band top, and µe is the electron chemical potential, deﬁned as zero at the
valence band top.
In ZnO, the chemical potentials of components µO and µZn are related byE(ZnO) =
µO+µZn where E(ZnO) is the energy per bulk formula unit in ZnO. The range of pos-
sible values for µO and µZn is related to the requirement for ZnO to be stable relative
to decomposition into its elemental constituents, so that the zinc-rich limit is taken
from zinc-metal, and for oxygen-rich limit µO is taken from the O2 molecule. The
heat of formation for ZnO in this way is calculated to be 3.9 eV, while experimentally
it is 3.61 eV [67].
For the dopants there is a relative formation energies per impurity atom are in-
dependent of the impurity chemical potential, but for the reference state of nitrogen-
based centres is derived by comparison with N2 molecule as a lower limit for N. For the
phosphorus-based centres is derived by comparison with P4O6, and therefore linked
to µO.
3.9.2 The Electrical levels
The electrical levels are one of the most important properties of defects, as they
strongly inﬂuence the electrical and optical properties of the material. Electrons can
transfer from one band to the other by means of carrier generation and recombination
processes. The band gap and defect states created in the band gap by doping can
be used to design semiconductor devices such as solar cells, diodes, transistors, laser
diodes, and others. One method to calculate electrical levels is the formation energy
approach, which compares the formation energies of charged and neutral defects. The
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donor level is the chemical potential at which the formation energies of neutral and
positive charge states are equal:
µe(0/+) when Ef (X, 0) = Ef(X,+) (3.10)
The acceptor level is the chemical potential at which the formation energies of negative
and neutral charge states are equal:
µe(−/0) when Ef (X,−) = Ef (X, 0) (3.11)
The eﬀect upon the electrical levels arising from the periodic boundary condition,
χ(X, q) in Eq. 3.9, is a complicated and controversial quantity to estimate. In this
study, a simple approach is adopted of focusing on the larger diﬀerences between the
formation energies of diﬀerent structures, rather than the speciﬁc values of the donor
and acceptor levels. The total energies are corrected using the Lany and Zunger
model [68], and to take into account the underestimation of the band gap, a term
is added which is proportional to the number of electrons in any conduction-band-
like level [25, 27] of 2 eV per electron arising from a simple addition of the diﬀerence
between the calculated and experimental band-gaps.
When comparing the absolute formation energies, and in particular in the impor-
tant cases of comparison between like-systems, such as band-like donors, or comparison
between the models for p-type doping, these corrections largely cancel. Amongst the
calculated electrical levels, based upon the marker-method philosophy [51], relative
locations of two donor systems, or two acceptor systems might be expected to be
reasonably reliable at a quantitative level.
3.9.3 Binding energy
The Binding energy is the energy required to dissociate a complex into separate parts.
A bound system has a lower potential energy than its constituent parts; this is what
keeps the system together. The usual convention is that this corresponds to a positive
binding energy. In general, binding energy represents the energy which must be
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provided to overcome the forces which hold an object together. The binding energy
of a structure formed from two primary defects A and B, is deﬁned as the diﬀerence
in formation energies
Eb(A,B) = Ef(A) + Ef(B)− Ef(A,B) (3.12)
This formula expresses the binding energy in terms of the total energies, each of which
can be found using a total energy calculation using AIMPRO.
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Chapter 4
Native Defects
4.1 Introduction
Experimentally, there is no conclusive evidence regarding a dominant role for na-
tive defects in as-grown ZnO [7,69–71]. However, there is substantial evidence based
on calculations of diﬀusion of native defects, the anticipated impact upon electrical
conductivity and Hall Eﬀect measurements which can be interpret as native defects
being the predominant defects causing the unintentional electrical conductivity. Re-
gardless of their role in electrical conduction, photoluminescence observations of bulk
ZnO commonly show green and blue luminescence, both of which have been widely
attributed to native defects [72–74].
Understanding the behaviour of native defects is critical to the successful applica-
tion of any semiconductor material, especially in compound materials. These defects
often aﬀect, directly or indirectly, the doping eﬃciency, growth of the material, and
subsequent device speciﬁcation. Oxygen vacancies, VO, zinc interstitials, Zni, oxygen
interstitial, Oi, and zinc vacancies, VZn are the primitive forms of native defects in
ZnO. Oxygen vacancies and zinc interstitials have been suggested as the source of the
commonly observed unintentional n-type conductivity in as-grown ZnO, while oxygen
interstitials and zinc vacancies are potential sources of p-type ZnO [13,20, 75].
Perhaps more importantly in the context of intentional doping with impurities,
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there is a signiﬁcant possibility that combinations of dopants with native defects may
aﬀect conduction mechanisms. It is critical to have a good understanding of the
structure and electronic properties of these native defects so that their interaction
with dopants can be viewed in a broader context.
In this chapter the structure and properties of the simple forms of native defects
are presented, as obtained using AIMPRO.
4.2 Results
4.2.1 The oxygen vacancy, VO
Based upon simple ionic arguments, the native defect VO might well be expected to
be a source of compensation in p-type ZnO doped with group-V impurities. VO may
be envisaged as a host oxygen atom, in the −2 oxidation state, being removed from
the lattice. The electrons that would normally be bound to the now missing O atom
can be viewed as coming from the four neighbouring Zn sites, half an electron from
each. These electrons are still present, at least for an uncharged defect, so the two
additional electrons that would have been at the O site mean that VO is expect to act
as a (double) donor. Fig. 4.1 shows the relaxed structure of VO.
In the neutral charge state the four neighbouring Zn atoms shift inwards by around
10%, forming a pair of Zn–Zn bonds. In the case of the +1 and +2 charge states, the
four neighbouring Zn atoms shift in the opposite direction, i.e. breathe outwards by
3% and 23% respectively. The structures obtained using AIMPRO are in excellent
agreement with other theoretical studies [27, 76, 77].
The origin of the diﬀerent structures may be viewed as a chemical reconstruction
in the neutral charge state, and this large geometric eﬀect has an impact upon the
electrical properties. The charge-dependent formation energies (Fig. 4.2) indicate a
(0/+2) level around Ev + 1.0 eV, too deep for the production of n-type ZnO. The
oxygen vacancy is a deep, negative-U donor, where the 1+ charge state is never
thermodynamically the most stable charge state for any value of the electron chemical
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(a) (b)
Figure 4.1: Schematics of VO in (a) the neutral charge state, and (b) the
positive (+2) charge state. Red and brown Colours indicated oxygen and
zinc atoms, respectively. The white circles indicate the vacated oxygen sites.
Vertical and horizontal axes are [0001] and [011¯0] directions, respectively.
potential. Then, when the Fermi energy is above the (0/ + 2) level, the defect is in
the neutral charge state. When the Fermi energy is below the (0/ + 2) level, the
defect has a charge of +2e. The negative-U nature of this centre is a result of the
chemical reconstruction in the neutral charge state: indeed, negative-U centres are
typically characterised by large structural changes with charge state. It is noted that,
in addition to the structural agreement, the donor level is in excellent agreement with
the transition level of Ev + 1.0 eV of previous calculations [78–80].
The current calculation indicates that neutral VO has a relatively low formation
energy of ∼ 1 eV under Zn-rich conditions, which is in good agreement with other
theoretical calculations [68, 79–81]. In addition, the formation energy is lower in p-
type ZnO. This is consistent with the model that under such conditions, VO centres
are formed during growth, compensating the acceptor species and preventing the
formation of highly conductive material.
It is worth noting that previous calculations suggest that VO has relatively high
migration barrier of 2.4 eV [27]. This would imply that VO undergoes little diﬀusion
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at room temperature, but that annealing to higher temperatures may result in the
movement of these double donors, and possibly their direct interaction with other
defects in the lattice, such as candidate acceptors.
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Figure 4.2: Plot of Ef vs. µe for VO in ZnO calculated using the 192 atom
supercell.
4.2.2 Zinc Interstitial Zni
Zinc interstitials might, in principle, be another of the sources of the common, unin-
tentional n-type conductivity in as-grown ZnO.
It is understood that there are two main sites for zinc interstitials in the Wurtzite
structure: Zni at the tetrahedral interstitials site, Zni, tet as shown in Fig. 4.3(a),
and zinc at the octahedral interstitial site, Zni, oct, as shown in Fig. 4.3(b). The
diﬀerence between the tetrahedral and octahedral interstitial sites can be understood
by considering a view of the Wurtzite structure along the hexagonal axes. There are
open, six-member channels in the structure, and a location within one such channel
approximately equidistant from six oxygen sites is the octahedral interstitial location.
In contrast, the tetrahedral location is along a c-axis column occupied by host atoms,
so that viewed along the hexagonal axis, the tetrahedral site is eclipsed by host atoms.
In fact the tetrahedral site can be viewed as a site along the c-axis projected from a
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host site away from the associated host bond, such that it is approximately equidistant
from four host oxygen atoms.
It is found that Zni, oct is more stable than Zni, tet by 1.2 eV, in the +2 charge
state, which is in reasonable agreement with previous calculations for this defect
centre [27]. Placing the zinc interstitial at an octahedral site induces a noticeable
local lattice relaxation, particularly in terms of a strong interaction between the Zn
atom and three of the nearest neighbour O atoms. For the additional Zn ion, the six
surrounding Zn atoms are moved outward by 0.2A˚, the ionic Zni-Zn bond distance
being calculated to be between 2.36A˚ and 2.73A˚. This is smaller than the value of
2.66A˚ and 2.81A˚ for bulk Zn metal (which is hcp in structure and therefore has
neighbours at diﬀerent distances).
(a) (b)
Figure 4.3: Schematics of Zni in ZnO (a) at tetrahedral site Zni, tet (b)
octahedral site Zni, oct. Colours and axis are as in Fig. 4.1.
Zn interstitials have a relatively high formation energy in n-type material and are
expected to rapidly diﬀuse with a low migration barrier of about 0.57 eV [27]. The
charge-dependent formation energies in the current calculations, plotted in Fig. 4.4,
indicate a (0/+2) level above the conduction-band minimum). It is therefore found
that the zinc interstitial behaves a shallow donor, which is in agreement with the
interpretation of some experimental observations [70,82], although its thermodynamic
stability might well be questioned.
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Based upon the calculated energy of formation and migration barrier, Zn inter-
stitials are not expected to be stable in pure ZnO at room temperature [83], and are
thus unlikely to be responsible on their own for unintentional n-type conductivity
under equilibrium conditions. On the other hand, the zinc interstitial can diﬀusion
relatively freely due to its low barrier, and thus may cause it to ﬁnd other sites such as
VO to form ZnO or be attracted Coulombically to with negatively charged impurities
which can form a complex with suﬃciently high binding energy. This interaction may
provide a mechanism to play a role in the unintentional n-type conductivity of ZnO
5.3.5.
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Figure 4.4: Plot of Ef vs. µe for Zni defects in ZnO calculated using the 192
atom supercell.
4.2.3 Oxygen Interstitial Oi
As with the zinc interstitial, there are two type of non-bonded oxygen interstitial
Oi sites in the w-ZnO: Oi at tetrahedral Oi, tet or octahedral site Oi, oct. It is
found in these calculations that Oi, tet is unstable and relaxes into a split-interstitial
conﬁguration as shown in Fig. 4.5(a), (O2)O.
In this case, the O-O bond length was calculated as 1.46A˚, which is in good
agreement with other theoretical calculations 1.46A˚ [77], and the experimental value of
1.49A˚ for gas phase O2+2 . Oxygen at the octahedral site Oi, oct is shown in Fig. 4.5(b),
CHAPTER 4. NATIVE
4.2. RESULTS 40
(a) (b)
Figure 4.5: Schematics of Oi in ZnO (a) starting from the tetrahedral site
Oi, tet, and (b) the octahedral site Oi, oct. Colours and axis are as in
Fig. 4.1. Atoms and bonds that would otherwise obscure the structure of the
interstitials are shown in outline for the sake of clarity.
which introduces states in the band-gap that could accept two electrons. For the
neutral charge state the total energy for Oi, oct is higher by 1.66 eV than that of
the (O2)O, while Oi, oct site is lower in energy for negative charge states. This is
in good agreement with other theoretical calculations [20, 27, 84]. The Zn-Oi, oct
distance calculated to be 2.19A˚, somewhat greater than the 1.98A˚ for the host Zn–O
bond-length.
The charge-dependent formation energies, Fig. 4.6, indicate a (0/+1) level around
Ev + 0.3 eV, and therefore will not contribute to n-type conduction in ZnO. The
electrical level of the split-interstitial are derived from anti-bonding ppπ∗ state from
a molecular orbital of the isolated O2 molecule. This explains the O–O bond length
for split interstitial which longer than the O2 molecule.
Oxygen at the octahedral site introduces states in the band-gap that can accept
two electrons, so transition levels of Oi, oct (0/−1) and (−1/−2) are located at 0.5 eV
and 1.4 eV above the valance-band maximum, respectively. These levels are derived
from the empty partially 2p orbitals of Oi.
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Figure 4.6: Plot of Ef vs. µe for Oi, oct (), Oi, tet (O). The energy is
calculated using the 192 atom supercell.
Previous calculations have determined that oxygen interstitials have a relatively
low migration barrier: 0.9 eV for O0i (split) and 1.1 eV for O
2−
i (oct) [27]. If such
species are present in the material, they may reduce the concentration of VO donors
even at modest temperatures. Alternatively they may be electrostatically attracted to
impurities and form a complex with, for example, group-V elements. This interaction
may provide a mechanism to play a role in the p-type conductivity of ZnO, as shall
be presented in section 5.3.9.
4.2.4 Zinc Vacancy VZn
The relaxed structure of VZn for the neutral charge state is shown in Fig. 4.7(a). The
oxygen atoms around the zinc vacancy shift outward by about 3% with respect to
the equilibrium ZnO bond length. For the negative charge state, (VZn)−1, there is a
similar relaxation. However, for (VZn)−2 there is a much more substantial relaxation.
Based upon the location of the ideal site of the zinc at that has been removed, in the
fully ionised form the the ‘V–O’ distance is calculated to be 1.98A˚ in the a,b-plane,
but 2.57A˚ in c-direction, as shown in Fig. 4.7(b).
Fig. 4.8 shows a plot including the formation energies (Eq.3.9) of VZn in ZnO.
This yields a double acceptor level, in line with previous calculations [24, 27, 84, 85].
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(a) (b)
Figure 4.7: Schematics of VZn in ZnO (a) at neutral charge state (b) in (-2)
charge state. Colours and axis are as in Fig. 4.1.
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Figure 4.8: Plot of Ef vs. µe for VZn defect in ZnO. The energy is calculated
using the 192 atom supercell.
The (0/−1) transition level is located around Ev+0.1 eV and the (−1/−2) transition
level around Ev + 0.6 eV above the valance band top, both of which are also in good
agreement with other theoretical calculations [27, 84, 86].
Neutral VZn centres have a very high formation energy, being about 3.5 eV in
the neutral charge state even under under O-rich conditions. In n-type material the
formation energy is lower. However, the equilibrium concentration might be expected
to be low, and in which case they will not play a role in p-type conductivity of ZnO,
as sometimes has been suggested [25, 29, 87].
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4.2.5 Zinc antisite ZnO
Finally, the zinc antisite defect is reviewed. This consists of a zinc atom substituting
for an oxygen host atom. The relaxed structure of ZnO for the +2 charge state is
shown in Fig. 4.9.
(a) (b)
Figure 4.9: Schematics of ZnO in ZnO. Colours are as in Fig. 4.1. (a) and (b)
show views along [2 1¯ 1¯ 0] and along the hexagonal axis, respectively.
After optimisation, in the +2 charge state structure the ZnO–O distance is calcu-
lated to be 2.20A˚, which is larger than the host Zn–O bond length by about 10%. As
ZnO is a hexagonal material, there are two diﬀerent ZnO–Zn distances: three ZnO–Zn
distances are calculated to be 2.4A˚, and another two ZnO–Zn distance of 2.80A˚. These
values are in good agreement with other theoretical calculations [27, 77].
Fig. 4.10 shows a plot of the formation energies (Eq.3.9) of ZnO in ZnO. Only
the +2 charge state is thermodynamically stable in the band-gap. Perhaps more
signiﬁcantly, although the zinc antisite has a high formation energy in n-type, O-rich
material, they would be highly favourable in Zn-rich, p-type material. Such centres,
being shallow double-donors must be considered to be a plausible compensation centre.
CHAPTER 4. NATIVE
4.3. SUMMARY 44
-2
-1
 0
 1
 2
 3
 4
 5
 6
0.0 0.5 1.0 1.5 2.0 2.5 3.0
 6
 7
 8
 9
 10
 11
 12
 13
 14
E
f ,
 
Zn
-r
ic
h 
(eV
)
E
f ,
 
O
-ri
ch
 (e
V)
µe (eV)
Figure 4.10: Plot of Ef vs. µe for ZnO. The energy is calculated using the
192 atom supercell.
4.3 Summary
To facilitate comparison between the various forms, the results of the formation en-
ergies for native defects are summarised in Fig 4.11.
As one might expect, in oxygen-rich material, VZn and Oi centres dominate. Both
act as acceptors, but as Oi can chemically react with the lattice to form covalent
bonds with host oxygen, this can also be a donor. Under equilibrium conditions, a
combination of Oi and VZn would be expected to yield compensated material. The
chemistry resulting in the covalent bond in the neutral charge state of Oi is an im-
portant qualitative eﬀect that shall be seen to be signiﬁcant in the case of impurity
doping.
In Zn-rich material, VO, Zni and perhaps surprisingly, the Zn antisite is favoured.
All of these centres are donors, but in the cases of the antisite and Zni the donor
levels are shallow. Although it is inadvisable to rely upon these energies exclusively,
the calculations here, and from previous reports, are consistent with the potential
role for native defects as shallow donors to generate n-type conductivity in as-grown
material.
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Figure 4.11: Plot of Ef vs. µe for the native defects for ZnO. The energy
is calculated using the 192 atom supercell: VO(∗), Oi(split)(x), Oi(Oct)(+),
Zni(Oct)(O), ZnO(), VZn(). (a) Oxygen-rich conditions (b) Zinc-rich con-
ditions
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Chapter 5
Nitrogen Doping ZnO
5.1 Introduction
Nitrogen, having one fewer valence electron than oxygen, is a natural choice for the
production of p-type ZnO by formation of nitrogen substitution on the oxygen sub-
lattice, NO. There are several ways to prepare zinc oxide thin-ﬁlms where nitro-
gen impurities are introduced with the aim to obtain p-type conductivity. These
include chemical vapour deposition [88], metal organic chemical vapour deposition
(MOCVD) [89], pulsed laser deposition [90], molecular beam epitaxy [11], and sput-
ter deposition [91]. Each method produces a diﬀerent set of challenges with respect
to its use in the manufacture of semiconductor electronic devices, including growth
temperature (thermal budget), cost and resulting ﬁlm quality including crystallinity
and stoichiometry. There are many sources of nitrogen and oxygen containing molec-
ular groups that are used for the preparation of these ﬁlms including NH3, N2O, N2,
NH4NO3, NO, NO2, and Zn3N2. Encouragingly, based upon these standard growth
techniques and source materials in some cases there has been success in getting ﬁlms
of p-type conductivity [11, 18, 92–96]. However, the conductivity obtained is not uni-
formly good, with carrier type, concentrations and mobilities depending not only
upon the details of the growth species, but also upon growth temperature and any
subsequent thermal treatments.
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For example, typically where ammonia (NH3) is used as the nitrogen source, the
resulting ZnO is n-type, where it is thought that a combination of hydrogen and
oxygen vacancy defects (see Chapter 4) act as donors, the role of NH3 being to cause
a reduction in the oxygen concentration in the samples and increase the concentration
of shallow hydrogen donors [97], rather than insertion of electrically active nitrogen
within the lattice. Even so, experimentally it has been shown that both N2 and NH3
dopant sources do lead to increased nitrogen incorporation [19,97–100]. It is thought
that nitrogen diatomic molecule dopants, N2, are very easily incorporated within the
the ZnO thin ﬁlms, and as it is diﬃcult to break the N–N triple bond, they do not
dissociate and therefore do not produce any NO acceptors. Instead they may actually
lead to additional n-type conductivity by N2 molecules either inserting as interstitial
species or substituting for oxygen, generating a modiﬁed oxygen vacancy (the N2
electron states lie deep in the host valence band) [101, 102].
Perhaps signiﬁcantly, many experimental studies have indicated that the use of
NO, NO2, or a mixture of these species can be activated, to produce p-type material
[18, 103]. Experimental investigations have also produce evidence that doping with
a high level of oxygen is more successful in producing p-type material with nitrogen
[95], as well as other group-V dopants: phosphorus [23, 93, 104] and arsenic [96]. In
oxygen rich conditions it is the zinc substitutions that may be more signiﬁcant, or the
suppression of the formation of donors based upon the oxygen vacancy may be key.
Independent of the origin of the doping problems, it is the reproducibility and
thermal stability of nitrogen doping that leads to key challenges in its use in real
devices applications. For example, the important issue for optoelectronic devices is
how to fabricate both high-quality p-type and n-type ZnO ﬁlms to manufacture p-
n junction based photo-diode or LED structures; it is relatively easy to dope the
material to produce high quality n-type ZnO [19], but the challenge is how to dope
p-type, and it is this that forms the central question in this study. This chapter aims
to explain the mechanism of interaction between the nitrogen containing structures
combined with host species that may occur within the ﬁlm, and proposes why there
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is success in producing p-type material in some cases and failure in others. For each
defect made up from nitrogen atom(s) both with and without native defects (zinc
and oxygen vacancies, zinc and oxygen interstitials), the structure (atomic geometry),
electronic, electrical and for selected defects vibrational properties will be presented
in this chapter.
Before the results of the current calculations are presented, ﬁrst previous theoreti-
cal data pertaining to N-containing defects in ZnO will be reviewed in section 5.1.1, fol-
lowed by a more detailed review of the key experimental observations in section 5.1.2.
5.1.1 Theoretical background
According to many recent ﬁrst-principles density-functional based calculations [13–
15, 20] when nitrogen substitutes for a host O-site (NO), unfortunately it does not
yield a shallow acceptor level, but instead is a hyper-deep acceptor with an ionisation
energy of 1.6 eV calculated by screened exchange and hybrid density functionals, which
include diﬀerent fractions of Fock exchange and range separation in the hybrids [15],
or a deep level at Ev + 0.4 eV [13,14, 20], depending upon the speciﬁc type of theory
used. On the other hand ﬁrst-principles density functional calculation with the MBPP
code and LDA-PP of dopant elements at grain boundaries in ZnO, suggested that NO
is a shallow acceptor [32]. The consensus seems to be that NO is not a good candidate
for p-type ZnO.
Independent of the detailed location of the acceptor level, nitrogen acceptors may
be electrically compensated via the formation of complexes such as with oxygen va-
cancies (VO), zinc interstitials (Zni), and other N-based defects such as interstitial
nitrogen molecules [13, 20, 30]. As explained in Chapter 4, VO is a deep, negative-U
double-donor, where the +1 charge state is thermodynamically unstable [20, 76, 77].
First-principles calculations also show that Zni are shallow donors but with a
high formation energy in n-type ZnO [77], but a low migration barrier of 0.57 eV [27].
Nitrogen molecules (N2) on the O site are suggested to be an important compensating
double donor as well [20,30]. Finally, other native defects such as zinc vacancies (VZn)
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and oxygen interstitials (Oi) are reported to be acceptors [27,86], so combinations of
NO acceptors with these centres may result in stabilisation of an shallow acceptor
level.
Finally, the NO acceptor may undergo a chemical reaction with a nearby oxygen
site, forming a double donor [13]. This is one of the well known AX centres, which are
characteristic of the removal of electrons from the standard ionic arrangement because
they are taken up in the formation of new covalent bonding. It will be shown in this
chapter that the formation of covalent bonds is an important route to the formation
of thermodynamically stable, N-containing point defects.
5.1.2 Experimental background
There are many techniques used in the experimental investigation of semiconductors
which reveal diﬀerent types of data regarding the activity and structure of dopants.
Amongst them are electron paramagnetic resonance (EPR), optical-detected mag-
netic resonance (ODMR), X-ray photo-electron spectroscopy (XPS), X-ray diﬀrac-
tion (XRD), photoluminescence (PL) and vibrational mode spectroscopy (Raman
and IR-absorption). In addition, ﬁlms can be electrically contacted and through
current-voltage and capacitance-voltage characterisation the electrical properties of
the material can be obtained including carrier concentrations (and types), electrical
levels and carrier mobilities.
Amongst the experimental observations, there is some evidence to support the
candidacy of nitrogen for p-type doping [11, 18, 92–96].
EPR is a potent methodology for defects that possess a net electron spin. It can
not only determine absolute concentrations, it is chemically sensitive in the event that
defects are constituted from atomic species with nuclear spins, such as nitrogen, and
can reveal symmetry and even the nature of the electron states. EPR studies of N-
doped ZnO have produced dominant centres which are interpreted as being molecular
nitrogen and isolated nitrogen acceptors on the oxygen site (NO) in single crystals of
ZnO where the samples have been grown with N2 gas source [105]. At low temperature,
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the EPR spectrum assigned to the molecular species has a hyperﬁne interaction where
the principle direction is parallel to the hexagonal c-axis, the centre being assigned
to N−12 molecules substituting for O-site. Upon annealing in the 600–800◦C, EPR
data also indicates that there is an increase in the number of nitrogen acceptors,
possibly suggesting a conversion from one form of N defect to simple substitutional N,
under the assumption that this is the dominant acceptor. In addition, ODMR [106]
has been reported that shows that there are defect centres seen in N-doped material
where N-related EPR is seen, which is in a spin triplet (S = 1) state.
PL data can also be used to determine useful microscopic information about the
state of N in doped ﬁlms. However, just as the paramagnetic resonance is limited to
detection of unpaired electron spins, PL may be viewed as suﬀering from two critical
problems. First, as luminescence is a competitive process, it is the most eﬃcient
emitters in the sample that are the centres that seen in practice, even if they are not
the dominant structures. Secondly, in most cases it is not trivial to determine the
chemical nature of the emitting centre, although by careful variation in the isotopic
concentrations of chemical species in the materials, the presence of speciﬁc chemical
constituents can be inferred. Where PL emission corresponds to energies close to
free exciton emission, the depth of the states associated with the emission defects
can be determined. In such a way, experiment suggested that nitrogen produces an
acceptor level lies between Ev + 100meV and Ev + 300meV after nitrogen doping
followed by annealing at 520 ◦C in an O2 ambient [14, 107–110]. The PL peak at
3.22 eV is attributed to a donor–acceptor transition with acceptor ionisation energy
of 195meV, and the acceptor suggested to be nitrogen [111]. The connection with
nitrogen dissolved in the lattice is not unambiguous. Some research indicates that the
acceptor level between Ev + 100meV and Ev + 130meV may be related to stacking
faults of undoped ZnO [112,113].
A blue-green defect-related emission has been explained within the context of
transitions involving self-activated centres formed by a double ionised zinc vacancy and
an ionised interstitial zinc [114], oxygen vacancies [13,73,115,116], or donor-acceptor
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pair recombination involving an impurity acceptor, and/or interstitial oxygen. The
broad photoluminescence emission centred at around 1.6 eV, and red emission around
1.9 eV can be observed in ZnO:N and has been attributed to N-related defect states.
Also in N-doped material is a green emission band in the range from 2.1–2.4 eV in
p-type ZnO:N. It will be shown in this chapter that one possible explanation for this
may be due to combinations of native defects compensating N-related acceptors.
IR absorption measurements on N-doped ZnO show several peaks signiﬁcantly
higher in frequency than the one-phonon maximum of the ZnO host. Recent X-ray
photo-electron spectroscopy (XPS) experiments [117] found evidence for N-pairs as
the spectrum exhibits a peak corresponding to the energy of free N2 molecules. IR
absorption and Raman spectroscopy measurements on N-doped ZnO show several
peaks in the frequency range of 335–995 cm−1 [118], as well as high frequency 1800–
2000 cm−1 characteristic of covalent bonds involving low mass species [119]. Indeed,
the higher vibrational frequencies are close to those of free diatomic molecules such
as N2 and NC, and signiﬁcantly higher than the phonon frequencies of the ZnO host.
Finally, it is important to reﬂect upon how conclusive the evidence is for the
substitution of oxygen by nitrogen. Perhaps the most commonly quoted evidence
comes from X-ray techniques. X-ray absorption near-edge spectroscopy (XANES)
and photo-electron spectroscopy (XPS) have been interpreted as indicating that the
nitrogen atoms incorporate substitutionally at the O sites, NO, to act as acceptors
[101, 117, 120] because the peak position at 395.8 [120] is in line with the N-peak in
N–metal systems in the 396-397 eV range [121] and in Zn3N2. Additional XPS peaks
at 403–406 eV and 399.5 eV have been interpreted as being related to N–O and N–N
molecular species when nitrogen incorporation ZnO at low temperature [117,120,121].
Although peak positions are usually very good indicators of the state of a given
chemical species in XPS, the technique is not a proof. The position of the x-ray
peak indicates the energy required to remove an electron from the core state, and
therefore is a reﬂection of the conﬁning potential and/or oxidation state of the defect.
In principle, two diﬀerent types of environment may give rise to very similar emission
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energies, and one should view the assignment of chemical environment from XPS as
indicative and not a proof.
The experimental evidence for the state of N in ZnO has, unfortunately, not led to
a detailed understanding of the state of N in these ﬁlms. It is then the role of atomistic
modelling in the light of the experimental evidence to develop a model for the most
likely state of N in ZnO as a function of growth conditions and source species. In the
following section, the results of AIMPRO simulations of N associated with both the
oxygen and zinc sub-lattices, and where possible the properties are compared with
experiment.
5.2 Result
The presentation of the results is divided into sections. First, in section 5.3, the defects
most closely related with the oxygen sub-lattice are presented. Then, in sections 5.4
and 5.5 those defects associated with the Zn sub-lattice and interstitial to the ZnO
lattice are presented. Finally, all N-defects examined are reviewed together, and some
overall conclusions are drawn in section 5.6.
5.3 Nitrogen associated with the oxygen lattice
The covalent radius of nitrogen is almost equal to that of the the oxygen atom [122], so
most researchers initially focused on nitrogen substitution of this element. According
to the x-ray absorption spectroscopy, based upon the emission energy corresponding
to N in Zn3N2, it was veriﬁed that N occupies the O substitutional site [123]. Since
nitrogen has one fewer valence electron than the oxygen atom it replaces, it is expected
that NO will be an acceptor, and indeed this is what is found.
CHAPTER 5. NITROGEN
5.3. NITROGEN ASSOCIATED WITH THE OXYGEN LATTICE 53
5.3.1 Nitrogen substituting for an O site, NO
There are at least four diﬀerent gases, N2, NO, NO2 and N2O, that can be used as a
source for nitrogen doping of ZnO. The N2 and N2O gases contain pairs of N atoms
that can be incorporated directly into the growth surface to form (N2)O or other stable
structures containing a nitrogen molecule. However, this is not considered to be the
best option because additional energy must be supplied to break the N-N bonds before
isolated NO can be formed. In contrast, alternative gases such as NO and NO2 contain
a single N atom which can be incorporated directly into the growth surface to form
NO defects, and O atoms as host atoms.
NO was constructed to ﬁnd the stable structures resulting from this substitutional,
the type of conductivity, and the location of the states in the band-gap. The ﬁrst
characteristic to review is the geometry.
Structure Details
(a) (b)
Figure 5.1: Schematics of the relaxed structures of NO in (a) the neutral
charge state and (b) the AX-structure stable in the positive charge state. Here
brown, red and blue sites represent zinc, oxygen and nitrogen, respectively.
The vertical and horizontal axes are [0001], and [011¯0]. In (b), the unrelaxed,
ideal sites for the atoms involved in the reconstruction are shown in outline.
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The stable structure obtained for neutral NO is shown in Fig. 5.1(a). The nitrogen
remains on-site and, resulting in an approximately tetrahedral defect, where the four
Zn neighbours of NO were found to lie at a distance of 2.0A˚ which is similar to the
bond length of 2.18–1.94A˚ [15]. 1
As N has one fewer valence electron than the O atom it replaces, it is expected
that this centre can accept an additional electron and become negatively charged.
The negative charge state, the relaxed geometry closely resembles that obtained for
the neutral charge state, but with slightly shorter N–Zn ”bonds” at 1.9A˚ which is
close to the bond-length of 1.9A˚ found in previous calculations [15].
It is perhaps worthy to note that the N–Zn bond-lengths in both charge states
where the N-atom remains on-site are shorter than the 2.0–2.3A˚ in Zn3N2, but close
to the Zn–O bond-lengths of bulk ZnO.
In addition to the simple, on-site substitution, it is known [13] that upon removal
of an electron there is a possible chemical interaction between the nitrogen atom and a
next-nearest-neighbour oxygen atom. This substantial re-organisation of the bonding
is termed the AX centre [13]. In addition to creating an N-O bond, an O-Zn bond is
broken, as shown in the relaxed structure obtained using AIMPRO, Fig. 5.1(b). As
ZnO is a hexagonal material, there are several distinct types of second-neighbour site
by symmetry. It is found in this study that the more energetically stable structure
is that shown in Fig. 5.1(b). The alternative structures where the N=O bond is in
the basal plane is found in this study to be around 0.32 eV higher in energy. The
approximately c-axis orientation as the most stable orientation is at odds with those
of the ﬁrst report [13].
In addition to the orientational energy variation for the AX+ structure another
key energy is the diﬀerence in energy between the on-site and the reconstructed AX
forms in this charge state. Park et al. reported this to be just 0.13 eV in favour of
1Note, in hexagonal materials, the highest point group symmetry possible for a substitutional
impurity is C3v, with a set of three equivalent neighbours and one unique neighbour along the
hexagonal axis. In the case of on-site NO, the difference in the bond-lengths is less than 0.05A˚.
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the on-site form. In the current study where larger unit cells are used, the relative
energy is found to be 0.5 eV based upon the energy diﬀerence between in basal-plane
form of the AX+ centre, and 0.2 eV in terms of the more stable form. The on-site NO
structure is therefore found to be the more stable form, even in the positive charge
state, but the energies involved are relatively small.
The chemical reconstruction releases two electrons into the band-gap in the neutral
charge state, although the AX-structure was found to be unstable in the neutral charge
state, with the N-O bond spontaneously breaking to reform the on-site NO structure.
The substantial structural rearrangement can be viewed as the formation of a
N=O molecular group within the ZnO lattice, and the band-gap levels are highly
characteristic of π∗-interactions. Thus, the energetic favourability can be correlated
with the relatively more energetically stable covalent interactions that are gained
relative to the most ionic interactions for the on-site structure. The neutral charge
state is then not stable in the AX form because of the energy penalty of placing an
electron either in the conduction band or a π∗ molecular state.
Electrical levels
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Figure 5.2: Plot of Ef vs. µe for NO in ZnO calculated using the 192 atom
supercell.
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Figure 5.3: Band structures for (a) on-site NO, and (b) the chemical recon-
structed AX+1 structure, where the zero of energy is set to be the valance
band top for bulk ZnO. Red and blue crosses indicate ﬁlled and empty bands,
respectively, while black lines indicate the comparable bands of defect free
ZnO.
Fig. 5.2 shows a plot of the electron chemical-potential dependent formation ener-
gies (Eq. 3.9) of NO in ZnO. As described in section 3.9, the formation energies can be
used to yield an acceptor level, which is calculated at around Ev+0.53 eV, which is in
reasonable agreement with previous calculations using similar approaches [13,14,20].
This relatively deep level is at odds with the hyper-deep levels predicted in other
calculations, as summarised in section 5.1.1 based upon diﬀerent methods [15, 32].
Nevertheless, even the 0.4 eV estimate of the acceptor level is too deep to explain p-
type conductivity seen in N-doped ZnO, and it seems a reasonable conclusion to draw
that another source of holes is likely to be responsible for p-type doping. The donor
level of NO is calculated at around Ev + 0.12 eV which is close to the valance-band
top.
The acceptor level of NO is further illustrated in Fig. 5.3, which shows the band-
structure along a high-symmetry directions in the Brillouin-Zone. There is an empty
band following the valence-band top, consistent with the calculated location of the
acceptor level determined using the formation energies. The positive charge state of
the on-site structure may also be stable, but the donor level is close to the valence
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band top in the calculations, and is therefore not of any practical importance.
Combining the formation energy and band structure data strongly suggests that
nitrogen substitutional oxygen site is thermodynamically stable at neutral and nega-
tive charge states. The positive charge state, be it on-site or in the AX+ form, may
be of some interest as a metastable form of the centre, but more signiﬁcantly, the
reconstruction shall be shown in this thesis to become important where additional
components to the defect are present.
5.3.2 NO pairs, (NO)2
As mentioned above in section 5.3.1, there are many diﬀerent gas species used in
the introduction of nitrogen into ZnO ﬁlms, including N2, NO, NO2 and N2O. Some
of these may be used as an oxygen source as well as a source of nitrogen defects in
ZnO for electrical doping. Following the suggestion that NO is favoured in n-type
material [20,31,123,124], the possibility of forming a complex of a pair of nearby NO
centres was considered.
It should be noted that as the number of components in complexes increases,
the number of symmetrically distinct combinations that might be envisaged increases
dramatically. In the study of NO-pairs this is increased by there being additionally
chemically nonequivalent structures, as will be discussed below. In an eﬀort to provide
some conﬁdence that the structures obtained represent minima in the energy surface,
the various chemically distinct arrangements found were relaxed independently in a
range of charge and electronic spin states. Although it cannot be guaranteed that the
approach has found all the energy minima, noting diﬀerences in energies obtained for
orientationally distinct structures in the AX+ are of the order of 0.3 eV, one may have
conﬁdence that the results presented in this section are accurate at least to this level
of uncertainty
Structure Details
The relaxed structures of (NO)2 with diﬀerent charge states are shown in Fig. 5.4.
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(a) (b) (c)
Figure 5.4: Schematics of (NO)2 in (a) the negative charge state −2 and (b)
the positive charge state +4 (c) a metastable, AX-like form in the neutral
charge state. Colours and axis are as in Fig. 5.1.
Amongst the geometries obtained from the various starting conﬁgurations, charge
and spin states, relaxation of (NO)2 resulted in highly perturbed structures.
In the +4 charge state, the lowest energy structure obtained can be best described
as an oxygen-vacancy associated with one of the sites and a nitrogen molecule, N2, at
the second. This structure is stable or metastable in other charge states, including the
neutral. Then, for the molecule the nitrogen bond length was calculated to be 1.53A˚
in a neutral charge state, which is close to the value anticipated for a N–N single bond
while it was 1.11A˚ in the +4 charge state of (NO)2 which shows an excellent agreement
with the experimental value for a triple bond of 1.1A˚ in a gas-phase N2 molecule. In
the +3 charge state the N–N bond-length is slightly longer at 1.17A˚, which is probably
simply an eﬀect of charging of the site containing the N2, as a similar eﬀect shall be
shown to occur in a related centre in section 5.3.3.
The reconstruction between N atoms in NO-pairs has a strong resemblance to that
of the NO AX centre (Fig. 5.4(c)) in the sense that there is a reconstruction involving
the formation of strong, molecular covalent bonds in preference to ionic interaction,
simultaneous with the tendency to form positive charge states. The AX-like form
is not the most stable: instead a form structurally related to that in Fig. 5.4(b) is
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0.12 eV lower in energy, with the VO component being slightly diﬀerent in line with
what is known for isolated VO in diﬀerent charge states (see section 5.3.3).
It is therefore of no great surprise that NO-pairs are found to preferentially adopt
a diﬀerent structure if they become negatively charged, since individual NO centres
in the negative charge state are close to tetrahedral and on-site. In the case of the
(NO)2 defect where negatively charged, the reconstructed geometry was found to be
unstable in the negatively charge state, with the N–N bond spontaneously breaking
to form on-site the NO-pairs. For example, in the −2 charge state of (NO)2, the N–Zn
inter-nuclear distances are 1.90–1.96A˚, which closely matches the structure of (NO)−,
as described in section 5.3.1.
As shall now be shown, other charge states are not stable, so in the interests of
brevity they shall not be described in detail here.
Electrical levels
As with NO, the electrical properties of (NO)2 complexes can be understood through
the calculation of the electron chemical potential dependent formation energies, Eq. 3.9.
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Figure 5.5: Plot of Ef per N atom vs. µe for (NO)2 defects in ZnO calculated
using the 192 atom supercell.
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Figure 5.6: Plot of band structure of (NO)2 in the (a) +4 (ﬁgure 5.4(b)), (b)
neutral (ﬁgure 5.4(c)), and (c) −2 (ﬁgure 5.4(a)) charge states.
Comparing the absolute values of the formation of NO, Fig 5.2, with those cal-
culated for the NO-pairs, Fig. 5.5, it is clear that the formation energy of the paired
defect is signiﬁcantly lower per N-atom reduced compared to NO in p-type material,
but there is no signiﬁcant energy impact for n-type material. In addition, (NO)2 is
eﬀectively a deep donor, and would be an energetically eﬃcient compensating defect
in material where N is mostly distributed on the oxygen sub-lattice. In equilibrium,
therefore, the formation of NO acceptors, even if they are poor candidates for p-type
ZnO, will be expected to compete with the formation of (NO)2 donors, further re-
ducing the probability of successfully producing p-type ZnO via such a route, due to
compensation.
In addition to the lower absolute formation energies, as can be seen from Fig. 5.5,
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(NO)2 is predicted to be a deep negative-U quadruple donor, where only the +4, +3,
−1 and −2 charge states are thermodynamically stable, with the +4 and −2 charge
states stable over the majority of the band-gap.
Figs. 5.6 and 5.5 show that the transition between donor and acceptor states is
associated with the same kind of eﬀects as for isolated NO centred between the on-site
and AX forms. In in the positive charge states the structures can be described as N2
modiﬁed VO centres neighbouring a second VO centre, so that the associated band
in the gap, and the electrical levels match broadly with those presented for the VO
centre in chapter 4. In the negative charge states, there is an acceptor level following
the valence band (ﬁgure 5.6(c)) which corresponds to the on-site NO centres.
Vibrational Modes
If the interaction of NO centres leads to the formation of N2 complexes, one might
expect there to be a corresponding high-frequency vibrational mode to be resolved in
IR and Raman spectroscopies.
However, amongst those calculated for (NO)2 in the neutral charge state (Fig. 5.4) a
low frequency N–N stretch-mode was calculated at 602 cm−1. In material doped with
N, there are several experimental Raman bands at around 510, 570 and 642 cm−1
where NO gas was used as the nitrogen source [118, 125]. Other peaks are seen
where N2 is used as a source [126], also lying in this relatively low-frequency spectral
range, including peaks at 572 and 586 cm−1 These Raman peaks are not observed
in undoped ZnO. Thus, combining the current calculations and the experimental
observation, there may be a plausible argument that the formation of a relatively
weak N–N interaction such as that seen in the neutral form of the (NO)2 complex
might give rise to one of the many Raman peaks in this range.
However, there are some diﬃculties with making such an assignment. First, the
neutral charge state of (NO)2 is thermodynamically unstable, although it may be pos-
sible that the chemical nature of the neutral centre is related to the source of the
580 cm−1 band. Secondly, the experimental data is rather unclear as to the nature of
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the defects formed. Speciﬁcally, the presence of N in the vibrational centres is gener-
ally inferred from the use of nitrogen in the growth, rather than, say, ﬁne structure
consistent with the presence of 14N and 15N isotopes.
Finally, it has been noted that in the positively charged conﬁguration, the N2
component is structurally very similar to another defect which is presented in sec-
tion 5.3.3. Given the computational cost of obtaining vibrational modes, those of
the structures arsing from (NO)2+4 have not been obtained. Given the clear chemical
state of the N-pair, it is assumed that the vibrational properties only involve the N–N
force constant.
5.3.3 N-molecule at an O site (N2)O
As stated before, N is added to the growth species using a wide range of chemical
species. Those that contain N–N bonds, such as N2 and N2O, may be anticipated to
be incorporated into the growing material while retaining the N–N bond. Indeed, it
has been widely speculated that (N2)O is a common compensating centre in as-grown
N-doped ZnO [20,98, 99, 127].
Structure Details
As with (NO)2, it is important to take into account that the relatively low symmetry
(C3v) of the oxygen site in the host lattice leads to a range of orientationally distinct
possibilities when constructing the geometry of a N2 molecular substitution at this
site. By starting with a wide range of atomic conﬁgurations, a number of meta stable
structures with small diﬀerences in total energy were obtained. The lowest energy
relaxed structure is shown in Fig. 5.7.
The structure shown in the diagram can be considered as being related to one of
the structures found for the substitutional pair, (NO)2, as described in section 5.3.2.
The principal diﬀerence between (N2)O and (NO)2 is simply that in the latter case
there is an oxygen vacancy in the immediate environment, providing a strong elec-
trical contribution to the properties of (NO)2. However, in contrast to the electrical
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Figure 5.7: Schematic of the structure of (N2)O in the neutral charge state.
Colours and axis are as in Fig. 5.1.
impact there is only a modest geometric impact. In (N2)O, the N–N bond length was
calculated to be 1.11A˚ where (N2)O is in the overall +2 charge state, which is a value
in good agreement with the experimental bond length of the free N2 molecule, which
is also 1.11A˚, and also in agreement with previous calculations for (N2)O [20, 75, 76]
and for (NO)2 in the +4 charge state above. Since such a short bond is characteristic
of a covalent interaction (a triple bond), the chemical interaction between the two N
atoms is very strong compared to that between the nitrogen atoms and surrounding
Zn neighbours. Indeed, Zn–N bonding is generally considered to be weak, so one can
reasonably interpret the structure of (N2)O as that of a modiﬁed VO.
Electrical levels
Following on from the interpretation of the structure as being a modiﬁed VO, one
might anticipate that the electrical properties of (N2)O parallel those of the native
defect (see section 4.2.1). As with the previous centres, the electrical properties of
(N2)O have been examined by determining the electron chemical potential dependent
formation energies in various charge states. Fig. 5.8 shows a plot of this data.
Surprisingly, the formation energies yield both donor and acceptor levels in the
band-gap. The donor levels are located at Ev+1.6 eV and Ev+1.9 eV for (0/+1) and
(+1/+2) transitions, respectively. These donor levels are in reasonable agreement
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Figure 5.8: Plot of Ef per N atom vs. µe for (N2)O defects in ZnO calculated
using the 192 atom supercell.
with other calculations which place them both about 0.2 eV higher in energy than
those obtained for the current study with respect to the valence band top [30]. It is
worthy of note that the previous calculations were performed using the much smaller
72-atom supercell, which may well be the source of the diﬀerences. Immediately, this
is at variance to the levels of VO which is a negative-U centre where the +1 charge
state is thermodynamically unstable. However, this could be understood in that in
the native centre there is a reconstruction between metal atoms, but the presence of
the N2 molecule in (N2)O suppresses this eﬀect.
However, the presence of negative charge states is more of a surprise. The acceptor
levels are calculated to lie at Ev + 2.1 eV and Ev + 2.6 eV for (−2/−1) and (−1/0)
transitions, respectively. The location of the acceptor levels corresponds to empty
bands in the Kohn-Sham band-structure, as shown in ﬁgure 5.9. The origin of the
negative charge states is resolved by examination of the localisation of the gap states.
In the neutral charge state, there is a doubly occupied band in the band-gap which is
mainly derived from the Zn atoms neighbouring the nitrogen molecule. In contrast,
the empty levels are derived from pπ∗ orbital localised on the nitrogen molecule.
However, one has to exercise some caution over the interpretation of the acceptor
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Figure 5.9: Plot of band structure of (N2)O in ZnO. Symbols, lines and scales
are as deﬁned in ﬁgure 5.3
properties of (N2)O. In terms of band-structure, the electrical levels lie above the the-
oretical value of Ec, but within the experimental band-gap. However, if the predicted
acceptor properties are correctly located within the band-gap, in as-grown N-doped
n-type ZnO, the association of the (N2)O centres with the n-type conduction must be
incorrect.
Even if the acceptor levels are located above the conduction band minimum, the
calculated donor levels lead to some diﬃculty in correlating the presence of (N2)O
with n-type conduction, as has previously been done [18, 98, 99, 128]. Both the ﬁrst
and second donor levels are predicted to be in the middle of the band-gap, similar to
VO for which there is independent experimental evidence of the deep nature of the
donor level [13, 16, 116]. Even given the uncertainty in the calculations, based upon
both the current and previous calculations it is unlikely that (N2)O acts as a shallow
donor.
Vibrational Modes
Since (N2)O may be viewed chemically as being comprised from a simple molecular
group, it may be fruitful to determine the associated vibrational frequencies that may
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then be compared with experimental data. Amongst the local modes of (N2)O, there
are values calculated at 1826, 1947 and 2240 cm−1 for neutral, +1 and +2 charge states,
respectively, which all correspond to the N–N stretching mode along the N–N axis.
These vibrational modes are in good agreement with other theoretical calculations for
(N2)O at 1537 cm−1, 1852cm−1 and 2108cm−1 for neutral, +1 and +2 charge states,
respectively [30]. The calculated modes are in notable agreement with IR peaks2 from
experiment at 1800, 1942 and 2100 cm−1 [129]. These IR features are not observed in
the ZnO not doped with nitrogen.
5.3.4 NO–VO complexes
It has been speculated that N acceptors are compensated by native donor defects such
as VO, Zni, Oi and ZnO, some of which are calculated to be relatively easily formed
on the basis of free energies [13, 20, 75, 130]. Although combinations of all of these
native donors with NO have been considered for this thesis, in this section the focus
is upon complexes of NO with VO.
Structure and binding energetics
As described in section 4.2.1, in isolated VO centres the four neighbouring Zn atoms
shift inwards by 10% in the neutral charge state, while in the case of +1 and +2 charge
states it was found that the four neighbouring atoms shifted in the opposite direction
by 3% and 23%, respectively, which is in excellent agreement with other theoretical
studies [27,76,77]. Due to the µe dependence of Ef (VO), the formation of these centres
is relatively high in n-type ZnO, and much lower in p-type ZnO. Therefore assuming
that NO gives rise to an acceptor level in the vicinity of the valence band top, during
growth as NO is incorporated the probability of the formation of compensating VO
centres is increased. However, another possibility is that it is even more preferable for
2Although the stretch mode of an isolate N2 molecule is IR-inactive, when embedded in the ZnO
matrix the equivalence of the N atoms is broken, and the stretch mode will in principle become
IR-active.
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the simultaneous incorporation of both NO and VO in close proximity.
(a) (b)
Figure 5.10: Schematics of (NO–VO) in (a) the positive charge state, and (b)
the negative charge state. Colours and axis are as in Fig. 5.1.
Fig. 5.10(a) shows the lowest energy relaxed structure obtained for (NO–VO) in
ZnO in both the neutral and positive charge states. In the vacancy component, the
four neighbouring Zn atoms shift outwards by 19% in the case of neutral charge state,
while in the case of −1 charge state it is found that the four neighbouring Zn-atoms
shifted inwards by 2%. This is in qualitative agreement with the behaviour of VO. In
the negative charge state of (NO–VO) there is evidence in terms of the inter-nuclear
distances of the Zn–Zn reconstruction seen in the neutral charge state of VO, which
is lost upon the emission of two electrons.
It is also worth reﬂecting upon the structure in the vicinity of the N site. Noting
that the proximity of the VO centre lowers the local symmetry at the N-site so that
all four N–Zn distances are in general diﬀerent, the N–Zn distances are calculated
to be between 1.85–1.96A˚ in both the neutral and positive charge states (which are
structurally very similar), and 1.90–1.93A˚ in the negative charge state. These values,
although broadly in line with the distances calculated for isolated NO centres, also
reﬂect the diﬀerences in the structures resultant from the relaxation aﬀorded by the
proximity of the VO centre. However, as with NO these distances are lower than the
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N–Zn in bulk Zn3N2 which are 2.00-2.29A˚, but close to the Zn–O bond-length of bulk
ZnO.
Finally, although the structural details hints at some direct interaction between
the two components, it is the binding energy (formation energy diﬀerences) that is key
to the stability of the complex. The binding energies calculated from the formation
energies individual defects for the reactions:
N1−O +V
0
O −→ (NOVO)1− (5.1)
N1−O +V
2+
O −→ (NOVO)1+ (5.2)
The binding energy of (NO–VO) is just 0.1 eV for the overall negative charge state, and
0.4 eV in the overall positive charge state. This is in good agreement with previous
calculations [76], but the small energies suggests that at growth temperatures, these
complexes are unlikely to be thermally stable.
Electrical levels
As described above, VO is a double donor (0/+2) [27, 79–81, 131], with a donor in
the upper part of the band-gap, and in section 5.3.1 it was shown that the acceptor
level of NO lies in the lower half of the band-gap. Therefore, combining these levels
(NO–VO) may be expected to give rise to a (−/+) level (and possibly a (+/+2) level),
and indeed a (−/+) level is what has been obtained.
Fig. 5.11 shows a plot of the electron chemical potential dependent formation
energies (Eq. 3.9) calculated for (NO–VO). (NO–VO) is found to behave as a deep
negative-U centre with a (−1/+1) level in the lower half of the band-gap. The neutral
charge state is thermodynamically unstable.
Finally, there is a second donor level for the (NO–VO) complex, corresponding to
a depopulation of the NO acceptor level: in the +2 charge state the complex may
be viewed as being (NO)0–(VO)+2. The location of the (+/+2) level for (NO–VO) is
slightly closer to the valence band that the (−/0) level of NO, arising from a combi-
nation of the elastic and electrostatic interactions of the NO and VO components.
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Figure 5.11: Plot of Ef vs. µe for (NO–VO) in ZnO calculated using the 192
atom supercell.
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Figure 5.12: Plot of the band structure of (NO–VO) in (a) the positive charge
state and (b) the negative charge state. Symbols, lines and scales are as in
Fig. 5.3
The one-electron band-structures, plotted in ﬁgure 5.12 for the positive and neg-
ative charge states, further illustrate the electrical properties of (NO–VO). In the
positive charge state there are three ﬁlled bands in the band-gap, and four ﬁlled
bands in the band-gap at negative charge state.
Combining the formation energy and band structure data strongly suggests that
the (NO–VO) is thermodynamically stable in the +2, +1 and−1 charge states, yielding
(+2/+1), and (+/−) transitions.
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In summary, although the interaction is weak, as represented by the small binding
energy, VO is a potential compensation centre for the NO acceptor.
5.3.5 (NO–Zni) complexes
Another possible complex that may be formed in compensated N-doped ZnO may be
envisaged to be a complex of NO with the mobile Zni native defect, which, as reviewed
in section 4.2.2, is a shallow donor [76, 130]. For p-type ZnO:N thin ﬁlms there is a
precedence for the emission from donor-acceptor pair recombination [18, 132].
Structure Details
The second native defect tested in a complex with NO was the zinc interstitial, Zni.
Noting that there are two types of zinc interstitial sites in the Wurtzite structure: Zni
at the tetrahedral site, Zni, tet, shown schematically in Fig. 4.3(a), and zinc at the
octahedral site, Zni, oct, shown schematically in Fig. 4.3(b). It is Zni, oct which is
found to be more stable than Zni, tet for both neutral and positive charge states in
the current study, in agreement with other simulations [27]. However, when combined
with another defect component, the preferential site must be established.
Figure 5.13: Schematics of NOZni in the neutral charge state structure.
Colours and axes are as in Fig. 5.1.
CHAPTER 5. NITROGEN
5.3. NITROGEN ASSOCIATED WITH THE OXYGEN LATTICE 71
In addition, since Zn interstitials have a relatively high formation energy and are
expected to rapidly diﬀuse with a low migration barrier of about 0.57 eV [27]. Isolated
Zn interstitials are not expected to be stable at room temperature [83], and are thus
unlikely to be responsible for unintentional n-type conductivity under equilibrium
conditions unless they are bound in deep structural traps. Since Zni is a double
donor, a complex with a single acceptor such as NO may be a candidate.
Indeed, the Zni native defect has been proposed [7, 20, 76, 133] for complexes in-
volving N impurities that can be formed during growth of the material. Fig. 5.13
shows the lowest energy relaxed structure of the (NO–Zni) complex. As can be seen
from the diagram, the preferred site for the interstitial species when closely associated
with the N acceptor is in the Zni, oct form. The Zni–N inter-nuclear distance was
calculated to be 2.03A˚, which is the shortest distance interaction for the native defect
atom, and smaller by 0.11A˚ than the Zni–O bond distances of 2.14A˚. This may either
reﬂect a chemical interaction or an ionic eﬀect as in terms of the formal oxidation
states of the N and O being −3 and −2, respectively.
The binding energy in neutral, (NO–Zni)0 and the ionised state, (NO–Zni)+, can
be calculated relative to the most stable forms of the isolated components based upon
their formation energies. In contrast to (NO–VO), (NO–Zni) complexes have high
binding energy of 2.22 eV, relative to N−1O and Zn
+2
i , which is in good agreement with
other theoretical calculations [76], and low binding energy of 0.7 eV, relative to N−1O
and Zn+1i . This low energy reﬂects the fact that Zn
+1
i is thermodynamically unstable.
As shall be shown below, the +1 charge state of the complex is the only stable form
of this complex, so reactions leading to other charge states are not relevant.
Although the pairing is bound, for it to be a good candidate for n-type doping,
the strong interaction between the components must lead to appropriate electrical
properties, which is the next topic.
CHAPTER 5. NITROGEN
5.3. NITROGEN ASSOCIATED WITH THE OXYGEN LATTICE 72
Electrical levels
As reviewed in section 4.2.2, an isolated zinc interstitial in ZnO is found to introduce
two electrons in a band above the conduction-band minimum, which is in good agree-
ment with the calculations [76, 130]. This can simply be interpreted as when a Zn
interstitial is inserted into the ZnO lattice, the 4s orbitals containing the two valence
electrons is pushed up in energy due to the electrostatically conﬁning potential of the
nearby host atoms. The 4s level depopulates into the host conduction band. This
shallow donor behaviour is in agreement with the interpretation of experimental ob-
servations [70,82]. As described in section 5.3.1, NO is a single acceptor, so might be
expected to be converted to the single donor when reacted with a Zni double donor.
By calculating the formation energies (Eq. 3.9) of (NO–Zni) indeed this is what is ob-
tained, as shown in Fig. 5.14, where as with isolated Zni the donor level is located in
the conduction band. The donor level is further illustrated in Fig. 5.15, which shows
the band-structure of the complex along high-symmetry directions in the Brillouin
zone of the 192 host-atom supercell. The bottom of the conduction band is occupied
by an electron, consistent with a shallow donor level.
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Figure 5.14: Plot of Ef vs. µe for the (NO–Zni) complex in ZnO calculated
using the 192 atom supercell.
Combining the binding energies and electrical levels, it seems a plausible argu-
ment to ascribe n-type activity to these complexes. However, one should also take
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Figure 5.15: Plot of band structure of (NO–Zni) complex in the neutral charge
state. Symbols, lines and scales are as deﬁned in ﬁgure 5.3.
into account other aspects of the growth conditions. The substitution at an oxygen
site and the insertion of a Zn interstitial are much more likely where material is grown
under zinc-rich conditions, as can be seen by comparison of the absolute energy scales
in ﬁgure 5.14. For p-type material, for example, the formation energy of (NO–Zni)
is extremely favourable, driving the incorporation of donors to compensate the for-
mation of N-related acceptors. This issue will be the subject of further discussion in
section 5.6.
5.3.6 (NO)O defects
As with the zinc interstitial, there are two types of non-bonded oxygen interstitial sites
in the ZnO: Oi at a tetrahedral, Oi, tet, or an octahedral site, Oi, oct (section 4.2.3).
In contrast to the Zn interstitial Oi may also chemically react with the lattice to form
a O2 molecule at an oxygen site.
The chemical state of the oxygen interstitial has a big impact upon its electri-
cal properties, since in the chemically reacted form electrons that are normally ex-
changed in the ionic bonding instead go into covalent bonding states within the oxygen
pairs. Thus the non-bonded forms are acceptors and the reacted form is a donor (sec-
tion 4.2.3). Since N–O chemistry is closely related to that of O–O interactions, it
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may be anticipated that the interaction of Oi with NO may lead to both bonded and
non-bonded forms, with the former being electrically passive or even a hyper-deep
donor.
In the case of a (NO)O centre one has also to keep in mind that this combination
is compositionally identical to interstitial nitrogen nominally through the exchange of
the two sites.
Structure Details
The complex of an oxygen interstitial Oi with a NO acceptor was examined, starting
with structures based upon both the non-bonded and bonded Oi geometries. The
lowest energy structure is found to be that where the Oi and NO share a single oxygen
site. Such a structure can be viewed as a N–O molecule substituting for a host oxygen,
(NO)O. The most stable orientation is shown in Fig. 5.16. The connectivity of the
N-O molecule often has strong inﬂuence on its physical and chemical properties and
behaviour. A N-O molecule might have completely diﬀerent chemical and physical
properties if the atoms are connected diﬀerently or both in diﬀerent positions and
charge states.
Figure 5.16: Schematic of (NO)O in the neutral charge state. Colours and
axis are as in Fig. 5.1.
In the neutral charge state, the bond length of the N–O molecule to 1.35A˚, which
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is between the values of 1.20A˚ and 1.45A˚ corresponding to the 1.5 bond order interac-
tions in NO2 and the single N–O bond in NH2-OH (hydroxylamine). It is considerably
longer than the bond-length of a free NO molecule. In the overall +1 charge state
the N–O bond-length decreased to 1.26A˚, which is in reasonable agreement with the
experimental value of a N–O bond in NO2, where the bond-order is 1.5. The positive
charge state is more stable in a spin polarised form with S = 1 compared to S = 0
by 0.7 eV, consistent with viewing the structure as being a composite of (N=O)− and
(VO)+2. The ESR study of NO anions adsorbed on the surfaces of a range of mate-
rials found that they have an S = 1 ground state [134]. An NO molecule can either
donate an electron (depopulating the π∗ state) or accept an electron from a metal
surface [135], so that electronically it resembles a neutral oxygen molecule.
It is perhaps worthy of note that NO species are sometimes used as the source of N
in doped ZnO. In such a case, it seems plausible that NO molecules are incorporated
into the lattice, resulting directly in the formation of (NO)O centres.
Electrical levels
Fig. 5.17 shows a plot of the electron chemical potential dependent formation energies
using (Eq.3.9) for (NO)O.
This yields a single electrical level in the band-gap, being a (−/+) level calcu-
lated at around Ev + 1.8 eV, and the electrical levels of (NO)O are further illustrated
in Fig. 5.18, which shows the band-structure along high-symmetry direction in the
Brillouin-Zone. These results can be correlated with (N2)O, where the empty level is
calculated to be around Ev + 1.8 eV, derived from 2π∗ orbital for the (NO) molecule.
These levels are above the theoretical value of Ec, but within the experimental band-
gap, and the ﬂat-band nature of these highly localised states is likely to be relatively
less dependent upon the uncertainty in the position of the host conduction band
energy.
Based upon the formation energies, (NO)O is thermodynamically stable at +1 and
−1 charge states, the change in the charge state being related to the change in the
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Figure 5.17: Plot of Ef vs. µe for (NO)O defects in ZnO calculated using the
192 atom supercell.
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Figure 5.18: Plot of band structure of (NO)O in ZnO (a) the positive charge
state with S = 1 and (b) the negative charge state. The zero of energy is set
to be the valance band top for bulk ZnO. Red and blue circles indicate ﬁlled
and empty bands, respectively.
number of electrons in the two p∗pi bands in the band-gap.
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Vibrational Modes
As with those structures discussed above where N2 are present, one would expect
the (NO)O defect to give rise to vibrational modes characteristic of a N–O covalent
bond. The vibrational modes of (NO)O are calculated to be 967 and 1461 cm−1 in
the negative and positive charge state respectively, which is in excellent agreement
with previous calculated values of 967 and 1462 cm−1 [30]. They are also in good
agreement with experimental values for Raman peaks at 974 and 1410 cm−1, which
are not observed in the undoped ZnO, but are seen in nitrogen doped ZnO [118,136].
It is further noted that the local vibration mode of 1461cm−1 is consistent with the
lower end of the frequency range seen for the vibration of N-O molecules in contact
with metal surfaces [135].
It should be noted that the presence of a vibrational mode in agreement with
(NO)O is not necessarily conclusive evidence of its presence. There may be other
defects which contain N–O covalent bonds which would be expected to give rise to
frequencies in the same vicinity. Given that the positive charge state of (NO)O is
anticipated to be EPR active a conclusive assignment could be made where there to
be a correlation between EPR and vibrational spectroscopy.
5.3.7 (NO2)O complexes
Taking the view that (N2)O and (NO)O centres may form as a consequence of using
N2 and NO molecules as growth species, one may apply the same reasoning to other
growth species. Many experiments have indicated that the doping of ZnO using NO
and NO2 molecules can result in the production of p-type carriers [16, 18, 31, 103]. It
may be that a NO molecule combines with a host O-site in ZnO, or a direct insertion
of a NO2 molecules at an O site may occur. In this section the resulting defects are
considered.
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Structure Details
The structure is composed from the addition of a NO molecule to ZnO. The equi-
librium structure can be described as insertion of nitrogen dioxide into an oxygen
site in bulk ZnO. It is found that there are many metastable structures of an NO2
molecule substituting for a host O-atom, and these distinct arrangements are sepa-
rated by small energies. A NO2 molecular substitution for an O-site is a single donor,
characterised by the N being coordinated with two host oxygen atoms.
Figure 5.19: Plot of structure of the relaxed conﬁguration of (NO2)O in ZnO
in the neutral charge state. Colours and axes are as in Fig. 5.1.
Fig. 5.19 shows the most stable structure for NO2 substituting at an O-site. The
N–O bond-lengths in the NO2 core are calculated to be in the range of 1.30-1.33A˚ in
the neutral charge state, which is typical of experimental values for N–O single bonds
in nitrates [137]. In the event that the defect is positively charged, the N–O bond
length was calculated to be in the range of 1.24-1.27A˚, which is slightly longer than
the experimental value for a bond of 1.21A˚ for nitrate ions (NO−13 ) [137], where the
N–O bonds are slightly stronger than single bonds.
The insertion of NO2 displaces the neighbouring host Zn atoms (see ﬁgure 5.19).
There is a substantial displacement of the four neighbouring Zn atoms away from the
equilibrium host sites, with the smallest N–Zn inter-nuclear distance being 2.2A˚ in
the neutral charge state. The oxygen atoms in the NO2 molecule are nonequivalent
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with one of them being more closely related to the nearby Zn atom than the other,
as reﬂected in the diﬀerences in the N–O bond lengths above.
Electrical levels
The structure can be viewed as an NO2 nitrite anion (NO−2 ) substituting for an oxygen
ion (O−2), so there is a deﬁcit of electron capacity at the oxygen site for the four
neighbouring Zn sites. Based upon such a description, one might expect the system
to be a single donor.
 2
 3
 4
 5
 6
 7
0.0 0.5 1.0 1.5 2.0 2.5 3.0
-2
-1
 0
 1
 2
 3
E
f ,
 
Zn
-r
ic
h 
(eV
)
E
f ,
 
O
-ri
ch
 (e
V)
µe (eV)
Figure 5.20: Plot of Ef vs. µe (NO2)O defects in ZnO calculated using the
192 atom supercell.
Fig. 5.20 shows a plot of the formation energies (Eq.3.9) for (NO2)O. This yields
deep states in the band-gap, the (0/+) transition level located at Ev + 1.6 eV. In
addition, there is a (−/0) transition level located at Ev+2.1 eV in the band-gap. The
acceptor level can be explained by considering the system as VO and a nitrite group.
In the overall negative charge state of (NO2)O, the vacancy is in the neutral charge
state and the NO2 group is in the negative charge state.
Again, some care has to be taken in interpreting the calculated electrical levels.
Both the (0/+) and (−/0) levels lie above the theoretical value of Ec, but within the
experimental value of the band-gap. The levels are in line with the existence of both
ﬁlled and empty states resonant with the conduction band, as illustrated in Fig. 5.21.
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Figure 5.21: Plot of band structure of (NO2)O in ZnO. Symbols, lines and
scales are as deﬁned in ﬁgure 5.3.
Thus, although there is some ambiguity as to the location the electrical levels, it is
likely that the donor level is relatively deep, so that the contribution of this defect
complex to n-type conduction is in some doubt.
5.3.8 (NO2)i and (NO3)O centres
Just as (NO2)O may hypothetically arise from the association of NO source molecules
with host oxygen, the associate of NO2 source species [31] with host oxygen sites
would yield a (NO3)O centre. A NO2 molecule might also be incorporated into the
growth ﬁlms to form an interstitial NO2 species.
Structure Details
The simulations performed for this study are based upon a wide range of starting
geometries including the insertion of NO2 into diﬀerent interstitial sites as well as
the formation of a nitrate group (NO3) substituting for a host oxygen atom. The
relaxations indicate that there are many metastable structures for interstitial NO2
molecules in ZnO based upon variations in orientation which result in very small
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energy diﬀerences. This is a quality in common with the interstitial NO molecule
(section 5.3.7).
(a) (b)
Figure 5.22: Schematic of the structure of (a) (NO3)O in the positive charge
state and (b) (NO2)i in the negative charge state. Colours and axis are as in
Fig. 5.1.
However, in the calculations, for speciﬁc charge states there are two signiﬁcant
relaxed geometries, as shown in Fig. 5.22. The ﬁrst structure, being in the overall
positive charge state, may be viewed as a negatively charged nitrate anion substituting
for an O-site as shown in Fig. 5.22(a). In such an arrangement all species can adopt the
natural oxidation states. The second structure may be viewed as insertion of the nitrite
(NO2) group into the lattice, breaking a host Zn–O bond, as shown in Fig. 5.22(b).
(As will be shown below in section 5.3.9, this is a mode of interstitial molecule insertion
that has been seen in previous studies of interstitial N2 molecules [28]. The three N-O
bond lengths are calculated to be 1.23A˚ for the +1 charge state, which is in good
agreement with other calculations of 1.23A˚ [137] for the three N-O bonds for a free
NO−3 ion.
In the negative charge state, the structure is very diﬀerent. A host Zn–O bond
breaks, and the NO2 group is inserted into the space this makes. As can be seen in
ﬁgure 5.22(b), the displacement of the host atoms moves them to within around a
host bond-length of other host atoms. The insertion of interstitial species has been
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previously predicted for the inclusion of N2 molecules as interstitial species [28].
Electrical levels
Fig. 5.23 shows a plot of the calculated µe-dependence of the formation energies
(Eq. 3.9) of (NO3)O in ZnO.
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Figure 5.23: Plot of Ef vs. µe for (a) (NO3)O() (b) (NO2)1 (O). The
structures in ZnO calculated using the 192 atom supercell.
Concomitant with the large change in structure, (NO3)O acts as a negative-U
centre with a (−/+) transition level located about 2.0 eV above the valence band. It
is perhaps worth noting that this is broadly consistent with the red PL commonly
seen in material grown using N-dopants [13,73,114–116]. This point will be addressed
further in section 5.6.
The electronic structures involved in the (−/+) transition are further illustrated
in Fig. 5.24, which shows the band-structure along high-symmetry direction in the
Brillouin-Zone. The electron donated by the neutral (NO3)O originates from a mod-
iﬁed VO, and the state into which the electron is accepted in (NO2)i is localised on
the NO−12 molecule.
The barrier to interconversion between the two forms has not been estimated.
However, if barriers exist and this defect is really bi-stable, then the relevant electri-
cal levels may not be those involving the equilibrium structures for each charge state.
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Figure 5.24: Plots of band structures for (a) (NO3)+O, and (b) (NO2)
−
i . Sym-
bols, lines and scales are as deﬁned in ﬁgure 5.3.
For example, the interstitial molecule in the negative charge state may loose an elec-
tron to form a neutral, metastable species, with a donor level predicted (ﬁgure 5.23) to
be 0.9 eV above the valence band top. Similarly, there may be a metastable (−/0) ac-
ceptor transition associated with the nitrate structure around 2.0 eV above the valence
band top.
Nevertheless, given the very deep locations predicted for the donor and acceptor
levels of this defect, it is not a good candidate for the production of either n-type or
p-type material, although it is expected to readily form in O-rich conditions based
upon the absolute formation energies.
5.3.9 (NO3)i and (NO4)O complexes
As mentioned several times already, it is a potentially important observation that in
many experiments where the source species for nitrogen doping involves N–O bonds,
such as NO, NO2 and NH4NO3 (ammonium nitrate), the resulting ZnO ﬁlms may
be activated to produce p-type carriers [16, 18, 31, 103,103,138]. The molecule group
might be incorporated into the growing ﬁlms as interstitial dopants, or even react
with host atoms of ZnO.
In addition to the preceding molecular groups, the insertion of a complete nitrate
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ion into the lattice might result in an interstitial object, (NO3)i, or react with the
oxygen host to form an exotic (NO4)O species. A superﬁcial view of the chemistry by
which such species might be formed may involve insertion directly of nitrate ions, or
from the reaction of NO2 source species with interstitial oxygen via reactions of the
type:
NO2 +Oi −→ (NO4)O (5.3)
and
NO2 +Oi −→ (NO3)i. (5.4)
Structure Details
As with previous molecular groups, the structures composed from the addition of
a single N atom and three additional oxygen atoms to ZnO were obtained in two
ways. The ﬁrst is simple insertion of the nitrate group into the lattice at a cage site.
The second was the decoration of the structure obtained for (NO3)O, as described in
section 5.3.8.
Relaxation of such starting conﬁgurations was found to result in two chemically
distinct structures with practically the same total energies.
One conﬁguration may be viewed as a modiﬁed nitrogen substitution for an O
site, described as (NO4)O, depicted in Fig. 5.25(a). The nitrate group was found to
preferentially insert itself into a Zn–O bond (similar to the structure of interstitial N2
molecules), and this structure is shown schematically in Fig. 5.25(b).
The N-O bond lengths in (NO4)O are calculated to be in the range of 1.34–
1.37 A˚ which are in agreement with experimental value for a N-O single bonds in
nitrates [137]. (NO3)i (Fig. 5.25(b)) involves a broken Zn–O bond, with the equi-
librium structure having N-O bond lengths and angles calculated to be 1.25A˚ and
119◦, respectively, which is in good agreement with the experimental values [137] of
1.21A˚ and 120◦ for the (NO3)1− anion. The structures therefore reﬂect standard N-O
chemistry, at least at a structural level.
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(a) (b)
Figure 5.25: Schematic structures of (a) (NO4)O and (b) (NO3)i in ZnO.
Colours and axis are as in Fig. 5.1.
The binding energies, as determined from the reactions,
(NO2)1+i +O
2−
i −→ (NO4)1−O (5.5)
and
(NO2)1+i +O
2−
i −→ (NO3)1−i (5.6)
are 1.8 eV and 1.7 eV, respectively. Based upon the current data presented here, there
are no reactions with smaller heats of reaction, so it seems reasonable to conclude that
(NO4)1−O represents a thermodynamically stable species relative to likely dissociation
products. The absolute formation energy will be discussed in comparison with other
N-containing centres in section 5.6.
Electrical levels
Fig. 5.26 shows plots of the formation energies (Eq. 3.9) for (NO4)O and (NO3)i.
They both yield relatively shallow acceptor levels, around Ev+0.20 eV for (NO4)O and
Ev+0.24 eV for (NO3)i. These levels are in excellent agreement with one interpretation
of bound-exciton photoluminescence from N-doped ZnO, suggestive of an acceptor
levels at∼200meV above Ev. [14, 107–110,139].
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Figure 5.26: Plot of Ef vs. µe for (a) (NO4)O and (b) (NO3)i defects in ZnO
calculated using the 192 atom supercell.
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Figure 5.27: Plot of band structure of (a) (NO4)O and (b) (NO3)i in ZnO.
The zero of energy is set to be the valance band top for bulk ZnO. red and
blue circles indicates ﬁlled and empty bands, respectively.
The acceptor level of the both structures further illustrates in Fig. 5.27, which
shows the band-structure along high symmetry directions in the Brillouin-Zone (BZ).
Note the empty band close to the valance band top, consistent with the calculated
acceptor levels.
To understand where is the empty stat came from and the location of the empty
stat in band-gap, Fig. 5.28 shows the wave function distribution of the Kohn-Sham
orbital of the empty level in the top of the valence band for the NO3 molecule alone,
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(a)
(b)
Figure 5.28: Plot of the wave function distribution of (a) (NO3) molecule (b)
the (NO3)i defects in ZnO calculated using the 192 atom supercell.
and NO3 defects in ZnO. Fig. 5.28(a) illustrates the wave function distribution of NO3
molecule for the last empty orbital, and Fig. 5.28(b) illustrates the wave function dis-
tribution of the orbital in the valance band for (NO3)i defects in ZnO. From Fig. 5.28
conclude that the molecule may grab electrons from the 2p orbital of the host oxygen
atom.
Vibrational Modes
Finally, since both structures are based upon simple molecular groups, it may be fruit-
ful to determine the vibrational frequencies that may be compared with experimental
data, such as from PL.
Table 5.1: The local vibrational modes of (NO3)i and (NO4)O (cm−1).
Defect
(NO3)i 702 1071 1384 1392
(NO4)O 703 731 929 974 989 1019
Amongst the local modes of (NO4)−1O and (NO3)
−1
i , those calculated at 1019 and
1392 cm−1 are in notable agreement with Raman peaks from experiment at 1150, 1360
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and 1158 cm−1 [139]. These Raman features are not observed in the ZnO not doped
with nitrogen. In particular these peaks are observed when NO gas is used [118,136].
The local vibration modes calculated at 1019 and 1392 cm−1 are stretching vibrations,
and are expected to be Raman active.
(NO4)O and (NO3)i centres in ZnO present a rather appealing possible explanation
for the production of p-type ZnO using N-O based doping precursors. The calculated
structures show that nitrate groups are stable in the lattice, and combined with the
formation energies can be viewed a preferentially adopting the anion state.
Conclusive assignment of the presence of these acceptors may be found from the
characteristic vibrational modes that these complexes give rise to.
5.3.10 NO–ZnO complexes
NO is a single acceptor and, as reviewed in section 5.3.1, ZnO is a double donor [77].
The combination of these centres would therefore be expected to act as a single donor,
so if they can be formed on the basis of their formation energy, then they may represent
a source of compensation of any other N-related shallow acceptors that may be formed.
This centre was previously considered theoretically [20], where it was found to be a
shallow donor, easily formed (i.e. has a low formation energy) but is relatively weakly
bound at 1.52 eV. The ease of formation and the shallow donor properties have obvious
potential signiﬁcance for the as-grown n-type material.
Structure Details
Fig. 5.29 shows the relaxed structure of the lowest energy NOZnO complex found,
which is in good agreement with a previous theoretical study of this complex [20]. The
ZnO–N bond distance is calculated to be 1.97A˚, which is close to the value calculated
for the Zni–N bond distance at 2.03A˚ in (NO–Zni) (section 5.3.5). The ZnO–Zn bond
distances are calculated to be between 2.3–2.6A˚ which is in good agreement with
another calculation of 2.4–2.8A˚ [77].
The interaction between the two component parts can be viewed as leading to
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Figure 5.29: Schematic of the structure of NOZnO in ZnO. Colours and axis
are as in Fig. 5.1.
only a perturbation to their geometry, and to a reasonable degree the structure of the
complex can be seen as a simple combination of the parts.
Electrical levels
Isolated-NO behaves as a deep single acceptor, and isolated ZnO behaves as a shallow
double donor. Therefore it would be expected that the NOZnO would behave as a single
donor, and indeed this is what is found in the current study, as well as previously [20].
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Figure 5.30: Plot of Ef vs. µe for NO–ZnO defects in ZnO calculated using
the 192 atom supercell.
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Figure 5.31: Plot of the band structure of NO–ZnO in the neutral charge
state. Symbols, lines and scales are as in ﬁgure 5.3.
Fig. 5.30 shows a plot of the formation energy as a function of µe using (Eq. 3.9) for
NO–ZnO. For the whole band-gap the only thermodynamically stable charge state is
+1, i.e. the donor level in the conduction-band minimum. The electrical properties of
the complex are further illustrated by the electronic structure as plotted in Fig. 5.31,
which shows the band-structure along high-symmetry direction in the Brillouin-Zone.
There are no bands within the band-gap, and in this neutral charge state there is a
single electron in the conduction band.
Noting that the formation energy is relatively small in p-type, Zn-rich conditions,
under such conditions the NO–ZnO complex is a reasonable candidate for an electrically
compensating defect.
5.4 Nitrogen associated with the zinc lattice
A common theme in the structures determined for N associated with the oxygen
sub-lattice is the preference for the formation of structures where covalent bonds are
made, particularly in the formation of N–O bonds. This being the case it may be
anticipated that group-V impurities should favour substitution at Zn sites where they
will immediately neighbour oxygen. For example, some theoretical and experimental
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research indicates that most of arsenic and antimony substitutions are at a Zn site
rather than an O-site [21, 140]. Following this observation, the structure, electronic
and vibrational properties of N associated with the Zn site were calculated and are
presented in the following sections.
5.4.1 Nitrogen substituting at a Zn site, NZn
Based upon an ionic picture, substitution of Zn by N may appear a surprising sug-
gestion. Nitrogen has three more valence electrons than Zn, so it might be predicted
that NZn should act as a triple donor when substituting for Zn. However, some care
has to be taken in such an interpretation. Under the model that N forms covalent
bonds with its neighbours, one would have to examine the ion states not of the atoms,
but of the ion-groups, such as is the case for (N2)O.
Structure Details
The relaxed structure for N substituting for Zn is shown schematically in Fig. 5.32.
The nitrogen atom is bonded with two oxygen in the basal plane to make a (NO2)
molecule substituting for a O–Zn–O group.
Figure 5.32: Schematic of the structure of NZn in ZnO. Colours and axis are
as in Fig. 5.1.
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The bond distance for the nitrite molecule component of NZn was calculated to be
1.4A˚, which is in good agreement with the experimental value of 1.4A˚ for a N-O single
bond [137], yielding support for the model of the formation of covalent interactions.
Electrical levels
The host atoms removed contain one more O atom than Zn, and to a ﬁrst approxima-
tion one would expect the O–Zn–O group to have a net double-donor property. Since
the nitrite ion is electronegative occurring in the negative charge state, the combina-
tion of this covalent group with the native double-donor may be expected to result
in a single rather than a triple donor. By calculating the formation energy (Eq. 3.9)
for NZn in ZnO as a function of charge state and µe, that can estimate the nature
and energy of the electrical levels of NZn. The results are summarised in Fig. 5.33,
which indicates that there is a single donor level located around Ev +1.5 eV and pos-
sibly a single acceptor level around Ev + 2.7 eV. The donor level is far too deep for
room temperature n-type doping. The conﬁdence in the location of the acceptor level
which is well above the theoretical conduction band minimum, is perhaps improved
by examination of the band-structure.
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Figure 5.33: Plot of Ef vs. µe for NZn in ZnO calculated using the 192 atom
supercell.
The band-structure of the neutral defect, Fig. 5.34, shows a localised state (as
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Figure 5.34: Plot of band structure of NZn in ZnO, in the neutral charge
state. The zero of energy is set to be the valance band top for bulk ZnO.
Symbols, lines and scales are as in ﬁgure 5.3.
indicated by the weak energy dependence upon k) around Ev + 1.5 eV. These two
bands are derived from p∗pi states on the NO2 ion in combination with orbitals on the
nearby under-co-ordinated oxygen atoms. while the empty levels are derived from
almost entirely from orbitals on the under-co-ordinated O atoms in the lattice.
In contrast to the NO centre, it is found in this study that NZn shows no tendency
to form pairs. This is likely a consequence of a strong Coulomb repulsion between
these centres, and indeed by increasing the distance between two NZn in the same
simulation cell, the energy is reduced. Where they lie on adjacent sites, based upon
the current calculations there is no evidence that the NZn centres form covalent in-
teractions to overcome the Coulomb repulsion, which is opposite to the case of the
(NO)2 reconstruction into a strongly bound N2 molecule and a native defect, VO.
Since nitrogen substitution on a Zn site single donor, and focusing upon the aim
of producing p-type ZnO, one might expect it may be converted into an acceptor by
formation of a complex with components with suﬃcient acceptor activity.
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5.4.2 NZn complexes with VZn
It is known both theoretically and experimentally that zinc vacancies form relatively
shallow acceptor levels. In section 4.2.4 it was shown that AIMPRO calculations
yield acceptors levels with (−/0) and (−2/−1) transitions at 0.11 eV and 0.55 eV
above the valance band top, respectively, in good agreement with other theoretical
calculations [27,84,86]. VZn has very high formation energies in p-type ZnO, but it is
possible that an interaction with a nearby NZn centre may stabilise it energetically.
Structure Details
Since NZn is a single donor, it is possible it will be converted to become an shallow
acceptor by combining it with double acceptor vacant Zn site [24, 27, 84, 85]. In such
an event, the complex would be made up from ionised forms of both centres, and the
stability of the (NZn–VZn) complex is thus expected to be favourably inﬂuenced by
an attractive Coulomb interaction. There are many possible (NZn–VZn) orientations
determined by the location of VZn relative to NZn, all of which are found in this study
to be at least meta-stable. Of the structures examined, in the neutral charge state
there are conﬁgurations where the N atom is bonded to either one or two oxygen
neighbours which are indistinguishable in energy. Other orientations have energies up
to around 0.3 eV higher. It is therefore especially diﬃcult to be conﬁdent that the
true ground state structure has been determined in this case.
Nevertheless, the most stable structure found is shown in Fig. 5.35, which has a
calculated binding energy of 1.63 eVfor the negative charge state and 1.9 eV for the
neutral charge state relative to isolated constituents via the reaction
N1+Zn +V
2−
Zn −→ (NZnVZn)1− (5.7)
N1+Zn +V
1−
Zn −→ (NZnVZn)0 (5.8)
The N–O bond length was calculated at 1.17A˚ in the −1 charge state where the
acceptor level is occupied, which is in good agreement with typical values for N–O
double bonds [137].
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(a) (b)
Figure 5.35: Schematic structure of (a) The energetically most stable
(NZn–VZn) (b) The metastable structure complexes. Colours and axis are
as in Fig. 5.1.
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Figure 5.36: Plot of Ef vs. µe for (NZn–VZn) defects in ZnO calculated using
the 192 atom supercell.
Electrical levels
Fig. 5.36 shows a plot of the µe-dependent formation energies (Eq.3.9) of (NZn–VZn)
in ZnO for the various charge states of the stable acceptor system. This yields states
in the band-gap, the (−/0) level being calculated at around Ev + 1.0 eV , which is
much too deep to result in eﬀective p-type conduction.
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Figure 5.37: Plot of band structure of (NZn–VZn) in ZnO. Symbols, lines and
scales are as deﬁned in ﬁgure 5.3.
The acceptor properties are further illustrated in Fig. 5.37, which shows the band-
structure along high-symmetry directions in the Brillouin-Zone. The empty state
between 2–3 eV is derived from π∗ orbital localised on the NO2 molecule, which is a
similar result comparing to the (NO)O and (NO2)O centres (sections 5.3.6 and 5.3.7).
The ﬁlled states in the region of 0–1 eV are derived from the oxygen vacancy com-
ponents left by the covalent bonding of two host O atoms to the N dopant. Again,
parallels in the electronic structure can be drawn with NO–VO (section 5.3.4).
It is concluded that a simple combination of the NZn donor and VZn double acceptor
does not yield a shallow acceptor level but is relatively stable and may, if present in
suﬃcient quantities, contribute to optical emission due to the numerous localised
states, both occupied and empty, in the band-gap
5.4.3 NZn complexes with Oi and (NO)Zn
Oxygen interstitials (Oi) are double acceptors at the octahedral site, and act as donors
when they interact with a host site to form an O2 molecule (section 4.2.3). There are
two main structures found for the combination of such an interstitial with NZn. First,
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the non-bonded interstitial oxygen form may combine with the shallow donor, NZn,
forming a single acceptor species. Alternatively it may chemically combine with the
nitrogen and form a N–O bond, thus producing an NO molecule on a Zn site.
The molecular substitution is a potentially important contribution for a separate
reason. Many experiments use species for nitrogen doping involves N–O bonds, such as
NO and NO2, and the resulting ZnO ﬁlms may be activated to produce p-type carriers
[16,18,31,103,103]. The suspicion might be that N-O bonds survive incorporation into
the growing ﬁlms, or even that the molecules themselves form interstitial dopants. The
insertion of a nitric oxide anion (NO−) into the lattice might result in substitution,
either at the oxygen site as discussed in section 5.3.6, or at a zinc site, (NO)Zn. It is
the latter that is examined in this section.
Structure Details
The most stable form of defect arising from NZn and Oi in the neutral charge state is
the substitution of the Zn site by NO (ﬁgure 5.38(a)). However, another conﬁguration
was also found where the NO molecule is displaced to chemically react with a nearby O
site, forming a complex which may be described as (NO2)Zn–VO (ﬁgure 5.38(a)). These
structures are indistinguishable on the grounds of total energies. A third structure
might be imagined where the NZn and Oi components are not directly bonded, so that
you generate a NZn–Oi, oct pair. This was found to be energetically unfavourable and
is therefore not considered further.
Relaxation of such starting conﬁgurations was found to result in two chemically
distinct structures with diﬀerent total energies and diﬀerent potential impact upon
electrical conductivity.
The N-O bond lengths are calculated to be 1.2A˚ and 1.4A˚ for the NO2 based
structure (Fig. 5.38(a)), which are typical of experimental values for N–O double and
single bonds, respectively [137]. In contrast, for the NO molecular conﬁguration,
the bond lengths are calculated to be 1.15A˚ and 1.11A˚ for Figs. 5.38(b) and (c)
respectively, which are slightly shorter than expected for a N–O double bond [137],
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(a) (b) (c)
Figure 5.38: Plot of the structures of neutral (NZn–Oi) in ZnO. (a) (NO2)Zn–
VO (b) (NO)Zn with NO aligned along the c-axis, and (c) (NO)Zn in its
equilibrium orientation. Colours and axis are as in Fig. 5.1.
but in agreement with the bond-length of gas-phase NO species (1.15A˚).
In the current set of calculations, the total energies of the three conﬁgurations in
the negative charge is indistinguishable, which may be viewed as somewhat surprising,
especially comparing (NO)Zn and (NO2)Zn–VO. where the number of N–O bonds
diﬀer. The binding energy of the (NO)Zn complex relative to separate (NO)i and zinc
vacancy VZn centres is 2.2 eV for both reaction
(NO)−1Zn −→ (NO)1+i +V2−Zn − 2.2 eV, (5.9)
(NO)0Zn −→ (NO)1+i +V1−Zn − 2.2 eV, (5.10)
and this relatively modest binding perhaps suggests that high temperature anneals
may result in the movement of nitrogen incorporated into the ZnO at a Zn site during
growth, consistent with changes in electrical properties under such treatments [95,
103, 138]. Dissociation Into NZn and Oi components corresponds to a higher energy
process.
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Figure 5.39: Plot of Ef vs. µe for (NO)Zn in ZnO calculated using the 192
atom supercell. (a)–(c) correspond to the structures in ﬁgure 5.38.
Electrical levels
As with the preceding defect, the electrical levels of (NO)Zn have been determined
using the µe-dependent formation energies. Fig. 5.39 shows a plot of this data, which
yields relatively shallow acceptor levels at around Ev + 0.3 eV for both NO and NO2
based geometries. The axially aligned NO system is not stable in the neutral charge
state.
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Figure 5.40: Plot of band structure of (NO)Zn in ZnO. (a), (b) and (c) corre-
spond to structures (a), (b) and (c) in ﬁgure 5.38. Symbols, lines and scales
are as deﬁned in ﬁgure 5.3.
The acceptor properties of (NO)Zn are further illustrated in Fig. 5.40, which shows
the band-structure along high-symmetry directions in the Brillouin-Zone, and it is in
this data that the diﬀerences between the NO and NO2 connectivities is perhaps more
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clear. There are empty levels above the top of band-gap which are related to the NO2
and NO molecules located at around Ev + 2.2 eV, Ev + 1.8 eV and Ev + 2.6 eV for the
structure in Fig. 5.38(a)–(c), respectively. Levels close to the valence band top in the
case of the Fig. 5.38(a) and Fig. 5.38(c) structures are associated with anti-bonding
combinations between orbitals on the NO2 or NO molecule with the three or four
oxygen atoms surrounding the molecule.
Combining the evidence from the formation energies and the band-structures, it
may be concluded that both NO and NO2 molecules supplied to make (NO)Zn might
be produce relatively shallow acceptor species where associated with the zinc sub-
lattice. Indeed, these structures might shed some light on experimental production of
p-type ZnO with nitrogen using NO and NO2 molecules as source species [18,87,103].
Vibrational Modes
Amongst the local modes of (NO)Zn, the vibrational frequencies is calculated to be
1669 and 1767 cm−1 for the neutral and negative charge states respectively, these
are in relatively good agreement with experimental values from Raman scattering
measured at 1710 and 1800 cm−1, resulting from the incorporation of nitrogen in
ZnO [129]. The 1800 cm−1 peak, seen in p-type material, is noteworthy because it has
high amplitude and small line width [129], consistent with a molecular vibrational
state weakly coupled with the lattice.
5.4.4 NZn with two Oi, and (NO2)Zn
Extending the last section by an additional oxygen atom, one might envisage the
insertion of an NO2 ion into the lattice, potentially resulting in (NO2)Zn, or following
the results in section 5.4.3, further react with the oxygen host to form a nitrate ion
(NO3)O at sites originally occupied by a Zn–O pair. A superﬁcial view of the chemistry
by which such species might be formed may be via reactions of the type
(NO2) + VZn −→ (NO2)Zn (5.11)
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and
(NO2) + VZn −→ (NO3)ZnO (5.12)
Structure Details
As with previous molecular groups, the structures composed from the addition of a
single nitrogen atom and two additional oxygen atoms to ZnO were obtained in two
ways. The ﬁrst is simple insertion of the an NO2 molecule into the lattice at a zinc
site to make (NO2)Zn with diﬀerent orientations. The second was the decoration of
the structure obtained for NO3 as described shared over a Zn–O pair.
Following relaxation, there are chemically distinct structures obtained. The most
stable structure is shown in Fig. 5.41, where the nitrogen atom in NO2 forms a bond
to the neighbouring host oxygen atom to make a nitrate ion, (NO3)ZnO. Other ori-
entations of this structure are also found, but as much as 0.4 eV higher in energy. In
addition, a NO2 molecule at the zinc site not bonded to the lattice is possible, but
3 eV higher in energy, and there is also a form where a peroxide bond is created rather
than a N–O, which is around 1.5 eV higher in energy.
Figure 5.41: Schematic representation of the structure of (NO3)ZnO. Colours
and axis are as in Fig. 5.1.
The N–O bond lengths are calculated to be one of 1.38A˚ and two of 1.21A˚ for the
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overall negative charge state, which is in excellent agreement with typical values of
N–O single and double bonds, respectively [137].
The binding energy of the complex relative to separate (NO2)i and VZn centres is
calculated to be 2.1 eV and 2.4 eV for the negative and neutral charge state, respec-
tively via the reactions:
(NO2)+i + V
−2
Zn −→ (NZnOi2)− (5.13)
(NO2)+i + V
−1
Zn −→ (NZnOi2)0 (5.14)
Such binding energies would render this structure unstable at very high tempera-
tures, but may be suﬃcient to allow production during growth.
Electrical levels
Fig. 5.42 shows a plot of the µe-dependent formation energies (Eq. 3.9) of (NO2)Zn in
ZnO.
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Figure 5.42: Plot of Ef vs. µe for (NO3)O-VZn in ZnO calculated using the
192 atom supercell.
Based upon the formation energies, there is a deep acceptor level, (−/0), calculated
at around Ev +0.6 eV. An acceptor level at this energy would be far too deep to lead
to eﬀective p-type doping. However, given the uncertainty in the precise location of
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the acceptor level, and the chemical stability of the defect, this type of molecular
doping perhaps warrants further investigation.
-1
 0
 1
 2
 3
 4
A L H A Γ M K Γ K M Γ A H L A
En
er
gy
 (e
V)
k
up down
Figure 5.43: Plot of band structure of (NO2)Zn in ZnO. Symbols, lines and
scales are as deﬁned in ﬁgure 5.3
The acceptor properties of (NO2)Zn are further illustrated in Fig. 5.43, which shows
the band-structure along high-symmetry directions in the Brillouin-Zone. The empty
state around 2.6 eV is related to π∗ orbitals of the NO2 molecule. The ﬁlled state
which is located at around Ev + 0.5 eV related to a strongly perturbed oxygen neigh-
bour (that approximately above the molecular group along the c-axis in ﬁgure 5.41).
The empty state which is located at round Ev + 0.6 eV above the valence-band is
mostly associated with the remaining oxygen neighbours, but with some anti-bonding
character with respect to the N-O bonds. The electrical levels of this centre, based
upon the localisation of the gap levels on the oxygen neighbours rather than the NO3
group, may perhaps be correlated with a modiﬁed acceptor level of VZn.
Based upon a preferential reaction leading to the formation of (NO3)ZnO, the com-
bination of the formation energies in Fig. 5.42 and the band-structure of Fig. 5.43
illustrates that the substitution of Zn by NO2 leads to relatively deep acceptor levels,
with the states accepting the electron being localised on the the molecule rather than
being associated with the valence band.
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Another point that may be taken from the formation energies, is that by com-
parison with previous formation energy plots, it seems that (NO3)ZnO has a very
low formation energy in oxygen rich ZnO, with the neutral charge state being nearly
2 eV lower that that of the (NO)Zn system. Combining the acceptor properties with
the low formation energy may also point to NO2 molecules contributing to p-type
doping [18, 87, 103] provided that the materials are grown in the oxygen-rich limit.
5.4.5 N2 substitution at a Zn site
VZn has a relatively high formation energy in p-type ZnO, but it is possible to reduce
this with the addition of a nitrogen molecule. Although it more typically produces
n-type material [126], experiment has indicated that the doping of ZnO using N2
molecules can result in the production of p-type carriers. [11]. Given the very strong
N–N interaction in the molecule, it may be anticipated that they may be incorporated
directly in the growth surface to form species including (N2)Zn, especially where the
material is produced in the oxygen-rich limit.
Structure Details
This is a simple insertion of the N2 molecule into the lattice at a vacant Zn site.
The relaxed structure obtained for an N2 molecule substituting for Zn is shown in
Fig. 5.44.
For the relaxed, neutral charge state, the N2 molecule is found not to bond with
neighbouring host oxygen atoms when the eﬀective electron spin is unity, S = 1, as
shown in Fig. 5.44(b), while for the S = 0 electronic conﬁguration, the N2 molecule
becomes chemically bonded with two host oxygen atoms as shown in Fig. 5.44(a).
The chemical nature of the bonding is conﬁrmed by the N–N bond lengths which
are calculated to be 1.23A˚ in S = 0 Fig. 5.44(a) for neutral charge state, consistent
with a N–N double bond, while the N–N bond length is calculated to be 1.11A˚ in
Fig. 5.44(b) which is in good agreement with the experimental value of 1.10A˚ for the
triple bond of free N–N molecule. The N–N bond is also 1.11A˚ for the −2 charge
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(a) (b)
Figure 5.44: Schematic of the structure of neutral (N2)Zn in ZnO for (a)
S = 0, and (b) S = 1. Colours and axis are as in Fig. 5.1.
state, where one might consider the defect to be made up from a neutral N2 molecule
in a VZn in the −2 charge state.
Electrical levels
Fig. 5.45 shows a plot of the formation energies (Eq. 3.9) of (N2)Zn in ZnO as a
function of charge and electron spin state and µe.
The formation energies yield several electrical levels in the band-gap. Where the
molecule is chemically bonded to the two host oxygen atoms the (−2/0) acceptor level
calculated at around Ev + 1.3 eV , and the (0/+1) donor level calculated at around
Ev + 0.3 eV . For S 6= 0, there is a (−2/−1) acceptor level calculated at around
Ev + 1.0 eV and a (−1/0) level around Ev +0.2 eV, which closely match the electrical
levels of VZn.
The acceptor levels of (N2)Zn are further illustrated in Fig. 5.46 which shows the
band-structure along a high-symmetry direction in the Brillouin-Zone (BZ).
In the conﬁguration where there is an O–N–N–O linkage, there are two occupied
bands in the vicinity of the valence band top, corresponding to a p-orbital on the
two oxygen neighbours to the N2 molecule that are not involved in the O–N–N–O
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Figure 5.45: Plot of Ef vs. µe for (a) (N2)Zn() where N is bonded to the
neighbouring O in the neutral charge state, S = 0 (b) (N2)Zn (O) where the
N2 molecule is not bonded, being the S = 1 spin state in the neutral conﬁg-
uration. In the −2 charge state the structures are the same, with no bonds
to the neighbouring O. All calculations are using the 192 atom supercell.
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Figure 5.46: Plot of band structure of (N2)Zn in the neutral charge state for
(a) S = 0, and (b) S = 1. Symbols, lines and scales are as in ﬁgure 5.3.
linkage. In the non-bonded form (i.e. where there are no O–N bonds formed) there
are only empty, spin-down bands in the gap. These empty bands correspond mostly
to p-orbitals on the neighbouring oxygen atoms, but are weakly in an anti-bonding
combination with orbitals on the N2 molecule.
Although the S = 1 conﬁguration in the neutral charge state is metastable, it is of
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some interest. In ODMR experiments [106], there is evidence of an S = 1 centre that
is not seen in standard EPR. This leads to the possibility during the optical excitation
of the sample, there is a population of the metastable, but magnetically active state,
which is being detected.
Vibrational Modes
Since the (N2)Zn structure is based upon simple molecular groups, it may be fruitful to
determine the vibrational frequencies that may be compared with experimental data.
Table 5.2: The vibrational modes of the ground state structures of (N2)Zn in
the three thermodynamically stable charge and eﬀective spin states (cm−1).
Defect
(N2)Zn, S = 0 832 910 1537
(N2)Zn, S = 1 - 537 2167
(N2)+1Zn , S = 1/2 851 867 1434
(N2)−2Zn , S = 0 - - 2214
The key modes of vibration of the (N2)Zn defect are listed in Table 5.2. For
(N2)−2Zn , the modes are shifted to higher frequency, and are close to the vibrational
mode for (N2)+2O (section 5.3.3). The highest frequency is in broad agreement with
the experimental value of 2357 cm−1 for free N2 molecules. Such characteristic modes
would act as a clear indication of their presence in N-doped ZnO.
The incorporation of nitrogen in ZnO as NO and NNO complexes the vibrational
line at 974 cm−1, 1150 cm−1, and 1511 cm−1 might be related to the stretching vibra-
tion of N–O or NNO [136].
CHAPTER 5. NITROGEN
5.5. INTERSTITIAL NITROGEN MOLECULES N2 IN ZNO 108
5.5 Interstitial Nitrogen Molecules N2 in ZnO
The ﬁnal defect presented in this chapter is that made up from the insertion of a N2
molecule directly into the interstitial spaces in the host ZnO lattice. Since this is not
associated with either the oxygen or zinc sub-lattices, the discussion of this centre is
given its own section.
A N2 molecule can be incorporated directly into the growth surface to form a N2
interstitial. When N2 molecules are used as the nitrogen doping source the solubility
of nitrogen is observed to increase greatly under O-rich conditions [19, 97–100]. Due
to the evidence of N2 molecules being present in the material from EPR studies [105],
the possibility of an N2 interstitial in ZnO was considered.
Structure Details
Fig. 5.47 shows the relaxed found structure for a N2 molecule interstitial in the ZnO
lattice.
Figure 5.47: Plot of atomic structure of N2 molecule interstitial ZnO, Colours
and axes are as in Fig. 5.1.
There are many metastable structures, the energy diﬀerence between some of which
is small, but the most stable structure shown is similar to that found in previous the-
oretical studies [28]. Here the nitrogen molecule breaks a Zn-O bond in the c-axis,
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pushing the O and Zn atoms signiﬁcantly from their equilibrium positions. The nitro-
gen molecule bond is found to be 1.12A˚, which is in good agreement with experimen-
tal value of 1.1A˚ for N2 gas, indicating that the nitrogen molecule is not chemically
changed by insertion into the Zn–O bond.
Electrical levels
Fig. 5.48 shows a plot of the formation energies (Eq. 3.9) of the interstitial N2 molecule
in ZnO.
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Figure 5.48: Plot of Ef vs. µe for N2 interstitial in ZnO calculated using the
192 atom supercell.
This yields a localised state in the band gap; the nitrogen molecule produces a deep
donor level around Ev+0.4 eV, and an acceptor level around Ev+1.5 eV, derived from
π∗ orbitals on the N2 molecule. This suggests that interstitial N2 is thermodynamically
stable in neutral, +1, and −1 charge states.
The band-structure (Fig. 5.49) for the interstitial N2 molecules shows a ﬁlled band
around 0.4 eV above the valence band top. This state is related to a perturbed oxygen
neighbour (that approximately above the N2 molecule along c-axis in Fig. 5.47).
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Figure 5.49: Plot of band structure of (N2) interstitial in ZnO. Symbols, lines
and scales are as deﬁned in ﬁgure 5.3
5.6 Discussion and Conclusions
Of the nitrogen-containing centres discussed in this chapter, many act as deep donor
and/or acceptor, and others are possible acceptors for the p-type conductivity ob-
served in experiment. To establish a model of the equilibrium behaviour of N-doped
ZnO, the total formation energies were compared as a function of the growth condi-
tions (O-rich vs. Zn-rich, as described in section( 5.3, 5.4) and the electron chemical
potential.
5.6.1 Structures by association with sub-lattice
One way to divide the defects, as has been adopted in the structure of this chapter,
is by the sub-lattice that the defect might be most closely associated with.
The oxygen sub-lattice
For the O-sub-lattice under extreme O-rich conditions, Fig. 5.50(a), the formation
energies show that the species that may be described as either (NOn−1)i or (NOn)O
group are highly favourable. Amongst these stable structures, there are possible
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Figure 5.50: Plot of Ef per N atom vs. µe for key N-containing defects as-
sociated with the oxygen sub-lattice in ZnO, calculations using the 192 atom
supercell. NO(∗), (NO4)O(+), (NO3)O(X), (NO2)O(▽), (NO)O(O), NO-VO
(•), (NO-ZnO)(N), NO-Zni(△), (N2)O(), (NO)2() (a) Oxygen-rich condi-
tions and (b) zinc-rich conditions.
candidates for acceptor complexes where n = 4 are favoured for must values of µe.
However in p-type material, and speciﬁcally where µe < 1 eV in the oxygen-rich limit,
the (NO3)O deep donor is favoured, so in equilibrium a combination of the two species
CHAPTER 5. NITROGEN
5.6. DISCUSSION AND CONCLUSIONS 112
(NO4)O and (NO3)O might be expected to form.
Although it cannot be guaranteed that there is not another, lower energy defect
complex associated with the oxygen sub-lattice (e.g. one based on structures con-
taining other chemical species), it seems reasonable based upon the known chemical
stability of nitrate ions that under O-rich conditions (NO4)O or (NO3)i are particularly
low in energy, and it is worth noting that the formation energies yields the precise lo-
cation of the acceptor level to be Ev+200meV. Encouragingly, experimentally, p-type
N-doped ZnO has been reported under O-rich conditions achieved by annealing in an
oxygen atmosphere with an acceptor level located around 200meV above the valence
band [14, 107–110,139].
To support the view that N–O bond formation is a plausible route to p-type
materials, a general view formed from the interpretation of XPS data is that in p-
type material, group-V elements such as Sb are predominantly bonded to oxygen [87].
In addition, it should be emphasised that p-type material from N-doping is almost
exclusively obtained using sources that involve N–O bonds [16, 18, 31, 103,103,138].
Therefore, at this interim point in the discussion, (NO3)i must be viewed as a
strong candidate for the formation of p-type ZnO.
Turning to Zn-rich material, Fig. 5.50(b), species described as (NOn)O are less
favourable than other structures. There are energetically favourable donor structures
such as (NO–ZnO) and those that can be characterised as VO-related, being (N2)O and
the form of (NO)2 that is structurally ((N2)O–VO). For n-type material the favoured
structures are all based upon NO.
Again the lack of energetically stable acceptor levels in the vicinity of the valence
band has connections with observation. Experimentally, n-type N-doped ZnO has
been reported under Zn rich conditions. Noting that (NO–ZnO) under these conditions
is very stable and a shallow donor a number of potential formation routes may be
imagined. One might involve the formation of VO in the vicinity of NO, both of which
are low energy defects in Zn-rich conditions. If Zni are formed in such material, since
the diﬀuse readily, it seems reasonable to expect them to combine with VO to form
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anti-sites, and hence contribute to n-type conduction.
However, in the zinc-rich limit, under equilibrium conditions, the formation ener-
gies suggest that a mixture of shallow donors and deep acceptors would be formed.
Therefore, a kinetic argument, perhaps based upon reactions such as that above, may
explain the n-type conductivity in this material.
The zinc sub-lattice
For Zn-sub-lattice and under O-rich condition Fig. 5.51(a) shows that the (NOn)Zn
group are highly favourable and the possible acceptor complexes are favoured for must
values of µe. In p-type material under O-rich conditions (NO3)ZnO is lowest in energy,
and given the uncertainty in the precise location of the acceptor level, it must be
viewed as a candidate for the formation of p-type ZnO.
For Zn-rich material the (NO3)ZnO is less favourable than the donor structure,
which could be incorporated directly with the ZnO thin ﬁlms to make n-type ZnO.
In summary, the (NOn) centres in ZnO present a rather appealing possible expla-
nation for the production of p-type ZnO using N–O based doping precursors. The
calculated structures show that the (NOn) groups are stable in the lattice, and com-
bined with the formation energies can be viewed preferentially adopting ZnO.
5.6.2 Analysis for most stable structures
Next, the energies will be compared over both sub-lattices, focusing upon those defect
structures that are most stable in O- and Zn-rich conditions.
Figure 5.52 shows a plot of the formation energies of those defect structures within
4 eV of the most stable defect form including charge state. Both limits show clear
trends in the equilibrium form of nitrogen.
In O-rich conditions, the stable forms of N-containing centres can all be identiﬁed
as being a nitrate species, but located in diﬀerent environments in the lattice. In
particular, for an electron chemical potential around the valence band top, the most
favourable form is a nitrate group substituting for oxygen in the positive charge state.
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Figure 5.51: Plot of Ef per V atom vs. µe for key N-containing defects as-
sociated with the zinc sub-lattice in ZnO, calculations using the 192 atom
supercell: (N2)i(+), NZn(X), (N2)Zn(∗)S = 1, (N2)Zn()S = 0, (NO2)ZnO(),
(NO3)ZnO(O), NZn-VZn(•). (a) Oxygen-rich conditions and (b) zinc-rich con-
ditions.
Under conditions where µe is in the upper part of the band-gap, substitution of a Zn-O
pair by a nitrate group is favoured, closely followed by a nitrate group in an interstitial
location (equivalent to (NO4)O). This reﬂects a general trend that where oxygen is
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Figure 5.52: Plot of Ef per N atom vs. µe for key N-containing the
most stable defects in ZnO calculations using the 192 atom supercell:
(NO)Zni(△), (N2)O(), (N2)OVO(), (NO)ZnO(N), (NO)VO(•), (N2)i(▽),
(NO)(∗), (NO2)O(), (NO2)ZnO(), (NO3)O(X), (NO4)O(+), (NO3)ZnO(O).
(a) Oxygen-rich conditions and (b) zinc-rich conditions.
in abundance, the favourability in energy terms of covalent bond formation is a key
factor. It is also worthy of note that acceptor species, such as (NO3)i/(NO4)O, are
relatively stable in absolute terms, and that perhaps surprisingly, defects associated
with the O-lattice are favoured.
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In Zn-rich conditions, the low energy species are also mostly associated with the
O-lattice. Several forms of defect based upon NO are present in the low-energy range:
NO acceptors are favoured in n-type material, whereas in p-type material, N2 on the
oxygen site (including the form generated by the combination of neighbouring NO
centres), section 5.3.2, 5.3.3 plus NO–Zni are favoured.
This shows a mixed chemical picture: the N2 based systems are related to the very
strong covalent interactions in the molecule, but the NO–Zni and NO centres in n-type
material are more reasonably described by an ionic picture. Overall, it is clear that
in Zn-rich conditions, amongst the defect centres examined in this work there are no
clear candidates for acceptors, but there are good candidates for donors.
One might then combine these descriptions to reﬂect upon the experimental ob-
servations. It is a general trend that to form p-type material, O-rich conditions are
required, whereas in the Zn-rich limit, n-type conduction is seen. The calculations
showing favourability for nitrate groups in O-rich conditions may therefore oﬀer some
explanation for this growth condition dependence.
5.6.3 Comparison between N-O and N-N based doping species
The ﬁnal division of the data relates to the form of nitrogen used in the source
species. Broadly speaking, one can divide N-species into those with N–N bonds, and
those without. The latter typically has the form of a N-O containing species such as
NO2. If one accepts that the energy required to break the N–N bond in the molecule
is unlikely to be available during many growth procedures, it may be worth reﬂecting
upon the relative formation energies of the defects produced containing N–N bonds
compared to those N–O bonds. This is done in ﬁgure 5.53. In ﬁgure 5.53(a) it can
be seen that under O-rich conditions, growth species containing N–O bonds, if they
survive the incorporation into the ZnO ﬁlm, may be anticipated to form the nitrate
acceptor structures reviewed above. Under the same conditions, but with a N–N
source (ﬁgure 5.53(b)) there are no candidates for acceptors.
Under Zn-rich conditions, plotted in ﬁgure 5.53(c) and (d), the results for both
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Figure 5.53: Plot of Ef per N atom vs. µe for (a,c) (NO)n defects and
(b,d) NN defects in ZnO. Calculations using the 192 atom supercell: (a,c)
(NO3)ZnO(O), (NO4)O(+), (NO3)O(X), (NO)Zn(), (NO2)O(), (NO)O(∗),
(b,d) (N2)OVO(+), (N2)O(X), (N2)i(∗), (N2)Zn() S=0 (O–N–N–O) struc-
ture, (N2)Zn() S=1 (N–N) structure, (a,b) Oxygen-rich conditions and (c,d)
zinc-rich conditions.
N–O and N–N sources both show a more favourable energy where the structures are
deep donors.
Overall, the calculations show some support for the view that N2 source species
are not likely to generate the desired p-type conductivity.
In summary, the calculation of the energetics and electrical activity of a wide range
of defect structures obtained by the insertion of one or two N atoms within the ZnO
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lattice gives some clear guidance to the manufacture of p-type ZnO:
• The use of O-rich growth conditions tends to favour the formation of NOn molec-
ular groups, which are a plausible source of acceptor centres (e.g. (NO3)i).
• Zn-rich growth conditions tend to favour the formation of N-containing defects
which act as donors, with NO–Zni being a notable shallow example.
• The use of N2 as a source of N during growth is likely to result in the formation
of deep donor and deep acceptor species such as (N2)Zn and (N2)O.
However, there remain several key challenges in the use of DFT calculations in the
determination of the species present in N-doped ZnO. Perhaps the most notable issue
relates to the uncertainties in the formation energies due to the functional (future
application of screened-exchange is an important task), and the contribution from the
periodic boundary condition in the charge states.
Furthermore, for conclusive determination of defect structures present in real ma-
terials, unambiguous determination of, for example, spectroscopic data is highly de-
sirable. For example, although there are many vibrational modes tentatively linked
to nitrogen, they are not a diagnostic tool in isolation as several defects may well give
rise to vibrational frequencies that are indistinguishable to within the accuracy of the
calculation. Perhaps a better form of identiﬁcation may come with the calculation of
hyperﬁne interactions with nitrogen nucleus in EPR experiments, which are planned
to be performed in the near future.
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Phosphorus Doping ZnO
6.1 Introduction
Since ZnO exhibits n-type conductivity even without intentional doping, part of dif-
ﬁculty in to obtaining p-type conductivity is due carrier compensation [130].
A potential route is doping with group-V elements, although theoretical studies
signiﬁed a diﬃculty to explain the p-type activity. Nevertheless, high hole carrier
concentrations have been achieved using P, As and Sb [92, 93,96, 141–143].
The conductivity, mobility and charge carrier type is known to depend strongly
upon growth conditions including temperature and whether the conditions are zinc
or oxygen rich. For example, phosphorus-doped ZnO exhibiting n-type conduction
as-grown is converted to p-type by annealing at 600◦C in an oxygen atmosphere, [104]
and as-grown p-type material is favoured in growth involving higher oxygen partial
pressure [144].
Quantum-chemical simulations have greatly informed on the potential of candidate
dopants to produce p-type ZnO. Some calculations indicate that group-V doping may
work [93,96,142,143,145,146]. However, experimentally doping with phosphorus can
both produce p-type material or enhance n-type behaviour in as-deposited ﬁlms, indi-
cating the potential for formation of donor states. This is contrary to the expectation
of acceptor-defect formation via substitution on the oxygen site [146]. In addition,
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according to the ﬁrst-principles density-functional calculations, the phosphorus defect
substitutes for an O site PO it is a deep acceptor [13, 25, 29, 35].
Where p-type conduction is achieved, one possible shallow acceptor is derived
from the triple-donor conﬁguration of P substituting for zinc combined with two
zinc-vacancies, [25, 145] since each VZn is a double acceptor [145]. Such a centre
would naturally be most favourable in oxygen-rich (zinc-lean) conditions, and sup-
pressed in zinc-rich conditions, leading to a plausible explanation for the eﬃcacy of
phosphorus-based p-type doping based on these centres. For group-V elements there
is independent experimental evidence that they are more likely to be associated with
substitution on the zinc sub-lattice rather than the oxygen sub-lattice, and are more
likely to for P–O than P–Zn bonds [21–23,140].
Another native defect yielding a double-acceptor level is interstitial oxygen [26,27,
79], Oi. This defect also acts as a donor as Oi may either be in a non-bonded anion
state, or chemically react with the lattice where is forms an O2 molecule on the O-site
depending on charge state. The formation energy of Oi is calculated [27, 79] to be
comparable or lower than that of VZn, so it may then be expected to be of importance,
especially in oxygen rich conditions.
This chapter will explain the mechanism of interaction that occurs within the
ﬁlm, and will explain why there is success in producing p-type material in some cases
and failure in others. This study show that six-fold coordination with oxygen is
considerably more favourable than structures such as PZn-2VZn.
6.2 Results
6.2.1 Phosphorus substituting for oxygen
Relaxation of P on the O-site (PO) has been examined. The structure obtained for
neutral PO is shown in Fig. 6.1(a). The P atom remains on-site and is approximately
tetrahedral with four P–Zn bonds of 2.23–2.27A˚, in excellent agreement with previous
calculations [25]. Since P has one fewer valence electron than the oxygen atom it
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replaces, it is expected that PO will be an acceptor, and indeed this is what is found.
The negatively charged state closely resembles the neutral in structure, but with
slightly shorter P–Zn bonds of 2.17–2.20A˚, also in excellent agreement with previous
calculations [13]. The charge-dependent formation energies (Fig. 6.2(a)) indicate a
(−/0) acceptor level around Ev + 1.0 eV, far too deep for p-type doping, and in line
with previous theory [13, 25, 29, 35].
(a) (b) (c)
Figure 6.1: Projections onto (11¯00) of the structure of PO in (a) the neutral
charge state and (b) the positive charge state, AX structure. (c) shows the
lowest energy orientation of the reconstructed PO-pair. Small, medium, and
large circles represent Zn, O, and P atoms, respectively. In (a) and (c) the
host-lattice is shown in the background as a reference, whereas in (b) the
on-site structure is shown in the background to help show the sense of the
reconstruction. The c-axis is in the vertical direction in the projections.
The acceptor level of PO is further illustrated in Fig. 6.3(a), which shows the
band-structure along high-symmetry directions in the (BZ).
In addition, and similar to NO (AX) 5.3.1, PO may act as a donor, as it can
undergo a chemical reaction with a neighbouring oxygen atom, forming the structure
shown schematically in Fig. 6.1(b), the so-called AX centre [13].
Indeed, in this form the calculations suggest that PO may donate two electrons.
As ZnO is a hexagonal material, there are three distinct types of second-neighbour
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Figure 6.2: Plot of Ef vs. µe for key P-containing defects in ZnO calculated
using the 192 atom supercell: PO (O), AX+1 (△) (PO)2 ().
sites by symmetry. The orientation for the AX+1 structure which is found to be lowest
in energy diﬀers from that previously suggested [124], which is found is meta-stable
and 0.5 eV higher in energy. In addition, there is a meta-stable, on-site form similar
to Fig. 6.1(a) in the positive charge state which is around 1.0 eV higher in energy
than AX+1. The AX structure is metastable in the neutral charge state, but has a
formation energy around 2.6 eV higher than that of the on-site form. In all charge
states, where present, the substantial structural re-arrangement can be viewed as the
formation of a P=O molecular fragment within the ZnO lattice, and the band-gap
levels are highly characteristic of π∗-interactions between these two atoms.
The existence of the AX form introduces the possibility of a (−/+) transition from
the on-site negative charge state to the AX positively charged conﬁguration. Fig. 6.2
shows a plot including the formation energies (Eq. 3.9) of the AX centre. This yields
a level around Ev + 1.3 eV. A second donor level is found at Ev + 0.9 eV, which can
be understood as further depopulation of a π∗ combination of orbitals on the P=O
pair. The donor levels of AX is further illustrated in Fig. 6.3(b), which shows the
band-structure along a high-symmetry directions in the (BZ).
This picture is extended when we examine the possibility of PO forming pairs.
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Figure 6.3: Plot of band structure for (a) PO (b) AX+1 (c) (PO)2 in w-ZnO,
where the zero of energy is set to be the valance band top for bulk ZnO. Red
and blue cross indicates ﬁlled and empty bands, respectively
There are a number of P pairs starting conﬁgurations reﬂecting the anisotropy of
the lattice. Where PO pairs are in the nearest-neighbour conﬁguration, there is a
spontaneous reconstruction between the P atoms to form a P2 molecule, with the
more energetically favourable orientation combining O-sites in diﬀerent basal planes,
as shown in Fig. 6.1(c). The P–P bond length is calculated to be 2.1A˚ for the neutral
charge state, which is in good agreement with the experimental value of 1.9A˚ for
P2 molecule in the gas phase [147]. This signiﬁcantly reduces the formation energy
(Fig. 6.2) for substitution onto the oxygen lattice, the formation energy per P atom
being 1.3 eV lower for the pair as compared with isolated PO centres. It is clear that
PO-pairs have a structure which strongly resembles the PO AX centre.
One might expect PO-pairs to preferentially adopt a diﬀerent structure if they be-
come negatively charged, since individually PO centres in the negative charge state are
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close to tetrahedral and on-site. Perhaps surprisingly, the reconstruction between P
atoms is not lost upon charging with additional electrons, and from this it is concluded
that the energy gained in the formation of the P–P bond destabilises the neighbouring
on-site PO-pairs, even if they are negatively charged, and the electrons are moved into
the host conduction band. Thus, the nearest-neighbour PO-pairs cannot act as accep-
tors. There are (0/+) and (+/2+) levels in the band-gap, estimated at Ev+1.1 eV and
Ev + 0.7 eV, respectively (Fig. 6.2(c)). The donor levels of AX are further illustrated
in Fig. 6.3(c), which shows the band-structure along high-symmetry directions in the
(BZ). In equilibrium, therefore, if PO are signiﬁcant in the manufacture of p-type
ZnO, they will have to compete with the formation of (PO)2 double-donors.
The formation of P–O reconstructions in the positive charge state of PO, and the
P–P bond in neighbouring PO-pairs reﬂects the impact that the formation of strong,
covalent bonds has upon the total energies. The following section will show that this
is a driving factor in a wide range of P-containing centres associated with both the
oxygen and zinc lattices.
6.2.2 Interstitial P
The possibility for phosphorus to lie in an interstitial site (Pi) has been examined.
Since it is found that such defects spontaneously react with the oxygen in the lattice,
interstitial P can be thought of as being associated with the oxygen lattice, so they
are examined here.
There is a signiﬁcant number of metastable Pi structures, separated by small dif-
ferences in total energy, but chemically distinct with diﬀering numbers and orientation
of P–O (and P–Zn) bonds. In general they are characterised by the phosphorus being
covalently bonded to one, two, or three host oxygen atoms, and two characteristic
structures that are found illustrated in Fig. 6.4.
Fig. 6.5 shows a plot including the formation energies (Eq. 3.9) of Pi in w-ZnO.
This yields a triple donor, with a (+1/ + 3) transition around Ev + 1.8 eV. The
localisation of the band-gap levels of Pi suggest that it can be characterised as a
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(a) (b)
Figure 6.4: Schematic of the most stable Pi structure. Colours and axes are
as in Fig. 6.1.
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Figure 6.5: Plot of Ef vs. µe for Pi defect in ZnO. calculated using the 192
atom supercell.
molecular ion, in this case PO2 and PO3.
The donor level of the Pi structure is further illustrated in Fig. 6.6, which shows
the band-structure along a high symmetry direction in the (BZ).
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Figure 6.6: Plot of band structure for Pi in w-ZnO, where the zero of energy
is set to be the valance band top for bulk ZnO. The red and blue crosses
indicate ﬁlled and empty bands, respectively
Fig. 6.7 shows the energy barrier for diﬀusion of Pi, which includes many stages,
such as bond-rotations, and inter-conversion between PO2 and P=O molecular frag-
ments. The details of the path are less important than the rate-limiting barrier, which
is about 1 eV. This must be an upper limit to the net barrier height (there may be
other, lower energy routes) so at growth temperatures, where such a barrier would be
easily overcome, Pi is a relatively mobile species.
The formation energy of Pi has been calculated to be between 4.8–5.9 eV, (the
range of values arising due to the dependence of µP upon µO), so that even in the
most favourable growth conditions the likelihood of formation of this centre is rather
low.
In addition, during the simulations of Pi we observed spontaneous reactions of
the type Pi→PZn+Zni. Using the formation energies of Pi and the reaction products
separated from each other, the loss of Pi and formation of Zni in the neutral charge
state has been calculated and involves no signiﬁcant gain or loss in energy.
The substitution of oxygen by a P2 molecule can be thought of as PO capturing
a phosphorus interstitial, and such centres have been proposed as possessing a low
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Figure 6.7: NEB calculated migration barrier for interstitial phosphorus in
ZnO.
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Figure 6.8: Plot of Ef vs. µe for (P2)O defect in ZnO. calculated using the
192 atom supercell.
formation-energy previously [25] in p-type material.
Fig. 6.8 shows the plot of the formation energies (Eq. 3.9) of (P2)O in w-ZnO.
(P2)O is competitive in energy in p-type material, but is never the most stable form
of P-centre associated with the oxygen sub-lattice as shall be shown in (Sec. 6.2.6).
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6.2.3 Phosphate ion on the oxygen lattice
The structure and chemistry of Pi is suggestive of a class of defects which are P-
containing molecules substituting for O, (POn)O. For n = 4, this represents a phos-
phate ion at the oxygen site. The structure is shown schematically in Fig. 6.9.
Figure 6.9: Schematic of a phosphate ion at an oxygen site. Symbols are as
in in Fig. 6.1, and arrow indicates where one of the O-atoms in the phosphate
ion eclipses another.
The phosphate group normally adopts a −3 oxidation state, rather than the −2
oxidation state of the oxygen ion it replaces. This leads to a deﬁcit of charge at this
defect site, and it acts as an eﬀective acceptor. Fig. 6.10 shows a plot of the formation
energies (Eq. 3.9) for (PO4)O. This yields a shallow acceptor level, around Ev +
0.10 eV. This level is in excellent agreement with one interpretation of bound-exciton
photoluminescence from P-doped ZnO, suggestive of an acceptor level between ∼90–
120meV above the valance bandEv [148,149]. These phosphorus-doped ZnO thin ﬁlms
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Figure 6.10: Plot of Ef vs. µe for a phosphate ion at an oxygen site. The
energy is calculated using the 192 atom supercell.
showed a good p-type conductivity with a hole carrier concentration of 5.3x10−18cm−3
at room temperature. The acceptor level of the structure is further illustrated in
Fig. 6.11, which shows the band-structure along high symmetry directions in the
(BZ). Note the empty band close to the valance band top for the neutral charge
state is indicating a shallow acceptor level, and the charge-state dependent formation
energies indicate a level at Ev + 0.10 eV.
This defect contains additional oxygen atoms relative to the host, and is therefore
clearly a centre that will be favoured energetically under oxygen-rich growth condi-
tions. The absolute formation energy of this shallow acceptor in the oxygen-rich limit
is found to be highly favourable in comparison to other acceptor structures.
The intermediates (in terms of increasing oxygen content) between Pi and (PO4)O
all act as donors, but are energetically less favourable than the phosphate ion in
oxygen-rich conditions. However, there is a strong theme in terms of the structures.
For example, in the (PO3)O centre, phosphorus forms an additional bond to a neigh-
bouring O-site, and can be considered to be a phosphate ion distributed over two host
O-sites. Since the phosphate ion normally adopts a −3 charge state, which in this
case is substituting for two O−2 ions, it is easy to see why (PO3)O acts as a single
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Figure 6.11: (a) Schematic of the Kohn-Sham band-structure for (PO4)O
this centre. Black lines represent the host bands of a defect free cell of the
same size. Filled and empty circles show occupied and unoccupied bands of
(PO4)O, with the bands to the right of centre being the spin-down states, and
to the left spin-up. Only bands in the vicinity of the band-gap are shown,
and the bands are set such that the valence band top is at zero.
donor.
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Figure 6.12: Plot of Ef vs. µe for (a) (PO2)O and (b) (PO3)O in w-ZnO. The
energy is calculated using the 192 atom supercell.
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(POn)O centres are included in Fig. 6.12 for (PO2)O and (PO3)O defects associated
with the oxygen sub-lattice, and in the oxygen rich limit, these centres are highly
favourable on the basis of formation energy. This point will be returned to in Sec. 6.2.6.
6.2.4 Phosphorus substituting for zinc
If phosphorus impurities favour bonding with oxygen atoms over Zn atoms, phospho-
rus might be expected to substitute at Zn site. These centres, with the exceptions
highlighted here, have received relatively little attention in the literature, but it shall
be shown that they are probably of greater relevance than P on the oxygen lattice.
(a) (b)
Figure 6.13: Schematic of the PZn defect in ZnO. Colours and axes are as in
Fig. 6.1. The arrow in (a) shows the oxygen site which eclipses the fourth
site in the PO4 group.
Since phosphorus has three more valence electrons than Zn, PZn is expected to be
a triple donor. The relaxed geometry, shown schematically in Fig. 6.13 indicates a
signiﬁcant dilation of the surrounding Zn–O bonds, and it is more realistic to describe
the PZn as PO4 inside a cavity bordered immediately by 12 Zn+2 sites. As noted
above, the phosphate group normally exists in the −3 oxidation state, and the twelve
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Zn atoms surrounding PO4 readily provide these electrons. However, since each Zn-
neighbour has 1/2 an electron to donate, there are a further three electrons to be
accounted for. In our calculations these go to the host conduction band, so that in
eﬀect the phosphate group in ZnO is a shallow triple donor (Fig. 6.14).
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Figure 6.14: Plot of Ef vs. µe for PZn in w-Zn. The energy is calculated
using the 192 atom supercell.
The (0/+1) and (+1/+2) levels lie above the conduction-band minimum, and only
the +3 charge state is thermodynamically stable. Thus, as previously suggested [25],
it is found that PZn is expected to lead to n-type conduction.
The donor level of the structure is further illustrated in Fig. 6.15, which shows the
band-structure along high symmetry directions in the (BZ).
As with PO, to support the use of a 192-atom cell PZn is also simulated in a 400
atom cell (5×5×4 primitive unit cells). The formation energy and electrical levels are
in close agreement between these cells, from which it is concluded that the 192-atom
supercell is adequate.
6.2.5 PZn complexes with VZn and Oi
As PZn is a triple donor, it is expected to be a single donor when in complexes with
VZn or Oi which both have the capacity to act as double acceptors. The analysis
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Figure 6.15: Schematic of the Kohn-Sham band-structure for PZn. Black
lines represent the host bands of a defect free cell of the same size. Filled and
empty circles show occupied and unoccupied bands of PZn, with the bands to
the right of centre being the spin-down states, and to the left spin-up.
conﬁrms this, with the donor levels of both PZnVZn and PZnOi complexes predicted
to lie above Ec (∆) and (◦) in Fig. 6.17).
(a) (b)
Figure 6.16: Schematic of the PZnOi defect in ZnO. Colours and axes are as
in Fig. 6.1.
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Figure 6.17: Plot of Ef vs. µe for PZnVZn (∆), PZnOi (O).The energy is
calculated using the 192 atom supercell.
Fig. 6.17 also shows that PZnOi is thermodynamically more stable than PZnVZn
independent of whether the material is in the oxygen-rich or zinc-rich regimes1. PZnOi
[Fig. 6.16] can be described as PZn in five-fold coordination with oxygen, i.e. somewhat
akin to a phosphorane, further indicating the signiﬁcance of the stabilising eﬀect in
the formation of P–O bonds.
Since PZnOi and PZnVZn are single donors, they may in turn be converted into
acceptors by the addition of VZn or Oi centre. Such a procedure results in three types
of p-type structure.
The ﬁrst is the well established complex with two VZn sites [25, 145], PZn-2VZn.
This is stabilised by the attractive Coulomb interaction between the components.
Due to the number of components and the anisotropy of the lattice, there are many
possible PZn-2VZn orientations determined by the VZn positions relative to PZn. The
most stable structure which found is shown in Fig. 6.18, but in other orientations
where the vacancies are in the nearest shell of Zn-neighbours to the P-site, the total
energies vary by just 100s of meV. The structure which is found to be most stable
1Since the composition of these centres differs by one Zn and one O atom, the difference in the
formation energies is independent of µO
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(a) (b)
Figure 6.18: Schematic of the PZn-2VZn defect in ZnO. Colours and axes are
as in Fig. 6.1. The two Large circles indicate VZn sites
is 35meV lower than that previously suggested using smaller simulation cells [25].
Calculation of the binding energy of the complex relative to separate PZn and VZn
centres is 3.7 eV for all species in the neutral charge state, and 1.3 eV for the reaction
(PZnVZn)+ + (VZn)−2 → PZnV−Zn. (6.1)
Both values are in good agreement with previous calculations [25, 150].
The formation energies for the various charge states of the most stable orientation
are plotted in Fig. 6.19, showing that the acceptor level lies around Ev + 0.5 eV,
which is in good agreement with previous calculations [25]. Although there is some
uncertainty in this estimate, such a deep level would not result in eﬃcient p-type
doping, and these centres are therefore predicted to be less eﬀective that (PO4)O.
The acceptor level of the structure is further illustrated in Fig. 6.20, which shows
the band-structure along high symmetry directions in the (BZ). Note the empty band
of the band-structure is identical to the result of the location of the empty level in
formation energy. The localised states in the band-gap are associated with the anti-
bonding combinations between a P=O molecule and the nearest-neighbour oxygen
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Figure 6.19: Plot of Ef vs. µe for PZn-2VZn defects associated with the zinc
sub-lattice in ZnO calculated using the 192 atom supercell.
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Figure 6.20: Schematic of the Kohn-Sham band-structure for PZn-2VZn. Black
lines represent the host bands of a defect free cell of the same size. Filled
and empty circles show occupied and unoccupied bands of PZn-2VZn, with
the bands to the right of centre being the spin-down states, and to the left
spin-up.
atoms in the c-plane. The association of the gap state particularly with the O-atoms
in the c-plane most probably arises due to the relative distance between PO4 ion and
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those O-atoms in this plane, compared to the under-co-ordinated O-atoms directed
more along the c-axis.
The second complex conﬁguration is PZnVZnOi. Among the stable structures, one
is where phosphorus is bounded to ﬁve oxygen neighbours, somewhat similar to the
structure illustrated in Fig. 6.16, but with one neighbouring Zn vacancy. However, an
alternative structure where the Oi component becomes detached from the P centre
resulting in a phosphate structure PZn in close proximity with VZn and Oi is around
0.4 eV lower in energy in both the neutral and negative charge states. This diﬀerence
in energy is nearly independent of charge state, with all low-energy structures that
have been examined resulting in a deep acceptor level (Fig. 6.21).
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Figure 6.21: Plot of Ef vs. µe for PZn-VZnOi defects associated with the zinc
sub-lattice in ZnO calculated using the 192 atom supercell.
The acceptor level of the structure is further illustrated in Fig. 6.22, which shows
the band-structure along high symmetry directions in the (BZ).
Note the empty band of the band-structure is identical to the result of the location
of the empty level in formation energy. In addition, the localised state in Fig. 6.22 is
similar to all band-structures, where the P=O molecule substituting at Zn-site.
Since PZnOi is more stable than PZnVZn, one might anticipate that PZnVZnOi will
be more stable than PZn-2VZn, and this is precisely what is found. The formation
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Figure 6.22: Schematic of the Kohn-Sham band-structure for PZn-VZnOi.
Black lines represent the host bands of a defect free cell of the same size.
Filled and empty circles show occupied and unoccupied bands of PZn-VZnOi,
with the bands to the right of centre being the spin-down states, and to the
left spin-up.
energies in the neutral charge state in Fig. 6.21 and Fig. 6.19 illustrate this diﬀerence,
which is independent of µO and estimated at 1.0 eV.
The ﬁnal conﬁguration is PZn-2Oi. By examination of the relaxed geometry it is
clear that it is more realistic to describe the system not as PZn-2Oi, but as a PO6
molecular group in a cage surrounded by 12 Zn sites, as illustrated in Fig. 6.23.
The calculations show that this is the most stable structure for the candidates
which have examined for p-type ZnO with phosphorus. In addition, due to the rel-
ative formation energies of VZn and Oi, it has a favourable binding energy of 2.4 eV
per Oi under a reaction resulting in dissociation into PZnOi and Oi species in the
neutral charge state. As with PZn-2VZn and PZnVZnOi, the calculated acceptor level
is relatively deep.
Fig. 6.24 shows plots of the formation energies Eq. 3.9 for PZn-2Oi. This yields a
deep acceptor level, around Ev + 0.6 eV.
The acceptor level of the structure is further illustrated in Fig. 6.25, which shows
the band-structure along high symmetry directions in the (BZ). Note the empty band
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(a) (b)
Figure 6.23: Schematic of the PZn-2Oi defect in ZnO. Colours and axes are
as in Fig. 6.1. The arrows in (a) show the sites where O-atoms bonded to P
are eclipsed.
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Figure 6.24: Plot of Ef vs. µe for PZn-2Oi defects associated with the zinc
sub-lattice in ZnO calculated using the 192 atom supercell.
of the band-structure is identical to the result of the location of the empty level in
formation energy. In addition, the localised state in Fig. 6.25 is similar to all band-
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structures, where the P=O molecule substitutes at the Zn-site.
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Figure 6.25: Schematic of the Kohn-Sham band-structure for PZn-2Oi. Black
lines represent the host bands of a defect free cell of the same size. Filled
and empty circles show occupied and unoccupied bands of PZn-2Oi, with
the bands to the right of centre being the spin-down states, and to the left
spin-up.
However, again the methodology leads to appreciable uncertainty in the precise
location of the acceptor level, and whether or not any of these complexes may lead to
p-type conductivity remains to be established.
It is perhaps worth noting that ﬁve-fold (phosphoranes) and six-fold coordinated
phosphorus compounds have been reported both experimentally and theoretically
[151, 152]. Indeed, the P-O bond-lengths and angles in the point-defects above are
close to the experimental values for P co-ordinated with ﬁve oxygen atoms in organic
compounds [153], providing some additional conﬁdence in the chemically sound nature
of the structures obtained.
6.2.6 Discussion and chemical trends
Of the phosphorus-containing centres discussed in this chapter, many act as shallow
donors, and others possible acceptors. To establish a model of the equilibrium be-
haviour of P-doped ZnO, we compare their total formation energies as a function of
CHAPTER 6. PHOSPHORUS DOPING ZNO
6.2. RESULTS 141
the growth conditions (O-rich vs. Zn-rich) and the electron chemical potential.
In O-rich conditions, Fig. 6.26, substitution of P onto the Zn-lattice is highly
favourable and the possible acceptor complexes are favoured for most values of µe.
However in p-type material, PZn is favoured, so in equilibrium a combination of the
two species would form. A key result is that under O-rich conditions it is not PZn-2VZn
but PZn-2Oi that is lowest in energy, and given the uncertainty in the precise location
of the acceptor level, it must be viewed as a candidate for the formation of p-type
ZnO.
Experimentally, p-type P-doped ZnO has been reported with an acceptor level
located between 90–127meV above the valence band [148, 149]. In XPS, the general
view is that in p-type material the group-V elements are bonded to oxygen [87].
However, XANES data [154] might be suggestive of P on the O-site, as the data
is interpreted as P existing in the −3 oxidation state in p-type material, possibly
consistent with PO.
For Zn-rich material the PZn-2Oi is less favourable than donor structures, with the
uptake of P expected to be dominated by the incorporation of PZn.
What is the origin of the stability of these conﬁgurations? The formation of POn,
n =1–6, molecular fragments in the highly stable conﬁgurations reﬂects the relative
strength of the bonding between P and O, relative to P and Zn. Despite the relative
cost in formation of Oi, the formation of P–O bonds signiﬁcantly stabilises them.
Indeed, the formation of octahedrally bonded P and As is established under high-
pressures in minerals. [152, 155–158].
Combining the most stable forms of P-containing centres, Fig. 6.26 shows that in
both oxygen and zinc rich conditions, there is a deﬁnite driving force for the formation
of complexes where P–O bonds are formed. The phosphate ion on either lattice is
low in energy, and can move the Fermi-level towards either the valence band top or
the conduction band minimum. Additional oxygen atoms can be introduced in the
presence of P, such as the highly stable PZn-2Oi centre. Under no conditions are P–Zn
bonds favoured (such as might occur in PO).
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Figure 6.26: Plot of Ef vs. µe for key P-containing defects in ZnO calculated
using the 192 atom supercell: PZn (), PZn-2Oi (), PZn-2VZn (•), PZnOi
(△) (PO)O (O), (PO3)O (N), and (PO4)O (▽). (a) Oxygen-rich conditions
and (b) zinc-rich conditions.
Guided by the results for P, the other group-V elements were also examined the rel-
ative energies of candidate acceptor species based upon As and Sb. The general trends
are mostly independent of chemical species and in fact similarities are found in the
formation of six-fold coordination for chalcogens substituting for Zn. Table 6.1 sum-
marises these results. The generality of Oi-based centres being energetically favoured
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Table 6.1: Formation energies per impurity in neutral charge state under
O-rich conditions for selected group-V and group-VI impurities in complexes
with VZn and Oi in ZnO, calculated relative to XZn–(Oi)2 (eV).
Impurity species, X
Defect P As Sb S Se
XZn 4.2 3.0 3.1 3.8 4.1
XZn–VZn 2.2 2.7 2.8 3.4 2.8
XZn–Oi 1.2 1.4 1.4 1.7 1.1
XZn–(VZn)2 2.2 3.0 1.7 3.4 4.7
XZn–VZn-Oi 1.6 1.7 1.8 2.2 2.5
(XO4)O 0.9 3.6 3.6 0.5 3.6
is clear, and has widespread implications for understanding the properties these im-
purities.
Of particular importance is the thermal stability of the acceptor complexes. It has
been determined that Oi is more mobile than VZn in ZnO [27,159], having activation
energies of 0.8 eV or less and 1.4 eV, respectively. Taking the activation for dissociation
of complexes of PZn with VZn or Oi to be the sums of the binding energy and migration
barriers for the native component, a simplistic model would lead to the reversal of
p-type doping, to be achieved at a lower temperature for Oi-based acceptors than
for VZn-based centres. In addition, once PZn-2Oi dissociates into PZnOi+Oi, the
resultant components favour n-type material due to the amphoteric behaviour of Oi.
Then the type-dependence upon growth temperature in P-doped ﬁlms [160,161] might
be understood as the conversion of PZn-2Oi acceptors into PZnOi, Oi and PZn-related
donors.
The stabilising eﬀect of the formation of X–O bonds is also seen in the low for-
mation energies of (PO4)nO shallow acceptors and (SO4)
n+1
O iso-electronic centres. In
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contrast, this type of structure centred upon As, Sb, or Se dopants are high in energy in
comparison to the corresponding X–(Oi)2 complexes. However, in these cases there is
a substantial perturbation to the immediate neighbours, resulting in the displacement
of a neighbouring Zn atom. A small change in initial conditions for these complexes
produces a XZn(Oi)2 defect with a ZnO formula unit displaced into an interstitial
location, which reduces the relative energies listed in Table 6.1 by around 1 eV. The
balance of the formation energy is the cost of the formation of the self-interstitials.
This may be viewed as further evidence that the production of acceptors in As and Sb
doped materials might be correlated with the formation of six-fold oxygen-coordinated
dopants.
6.3 Summary
In summary, the overwhelming trend is for the group-V elements P, As, and Sb to
adopt forms with multiple oxygen bonds, which result in both donor and acceptor
conﬁguration depending upon whether the material is under oxygen-rich or zinc-rich
conditions.
The previously favoured structure of group-V acceptors involving native defects
has been revised: the involvement of pairs of VZn in the formation of acceptor centres
is energetically less favourable that the decoration with additional oxygen interstitials.
However, the thermodynamic principle that acceptor species appear to be more likely
to be formed in oxygen-rich conditions remains, since PZn-2VZn and PZn-2Oi depend
upon µO in the same way.
Among the favoured structures, the formation of co-ordinations between the dopants
and more than four oxygen atoms may be resolvable experimentally, and we suggest
that octahedral XO5 and XO6 structures are likely to have a wider impact: since the
formation of these structures is largely driven by the strength of the impurity-oxygen
bonds, doping of metal-oxides such as the high-κ dielectrics including TiO2 and HfO2,
and ferroelectric materials such as BaTiO3 and PbTiO3 with group-V and group-VI
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species is likely to result in these conﬁgurations.
CHAPTER 6. PHOSPHORUS DOPING ZNO
Part III
Conclusions
146
Chapter 7
Summary
7.1 Conclusions on Doping of ZnO
The aim of this work was to investigate the mechanism of p-type ZnO with group-
V elements. There are two distinct areas that must be covered in the study: the
stability of doping (formation energies), and the type of conductivity. The studies
of ZnO yielded a number of important results. The conclusions of this chapter are a
recap of chapter 4-6.
It has been shown through the quantum-mechanically based modelling that doping
of ZnO with group-V elements is indeed a possible route to for the formation of p-
type material. Indeed, this must be the case since the experimental observations are
unambiguous in this respect.
However, the accepted structures responsible for the hole-conduction must, in some
important ways, be revised based upon the modelling presented in this thesis.
It is important to accept ﬁrst that the growing body of evidence from theory is
that, in the case of N, simple “traditional substitution” based doping is not the correct
model. This requires some qualiﬁcation however. XPS has been frequently used as
a basis for placing the most common site for N as being on the oxygen site, based
upon the XPS-peak coinciding with that of zinc-nitride, meaning that the N-atoms
are bonded to Zn. Such arguments, although persuasive, are not conclusive, since the
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peak-energy is not uniquely associated with one particular chemical environment.
If the nitrogen-related acceptor is not nitrogen substituting for oxygen, then the
modelling performed for this study suggests that a plausible model might be a nitrogen
based molecular ion, internally bonded with strong, covalent bonds. The nitrate anion
is one particular model that is favourable for three main reasons. First, theoretically
it is a shallow acceptor. Second, the energy required to form these acceptors is highly
favourable. Finally, such centres are favoured in oxygen-rich conditions, in line with
the observation of p-type material grown under these conditions.
This picture is extended beyond the case of N, more generally in the group-V el-
ements. Covalently bonded molecular groups are energetically favoured, and several
plausible candidates have been obtained for P, As and Sb. Such structures are ener-
getically favoured over the widely publicised candidate made up from zinc-vacancies
complexed with the group-V element on the Zn-site. For example attaching two oxy-
gen interstitials to P on the zinc site is more favourable than PZn–(VZn)2 by more than
2 eV. It is also important to note that this formation energy diﬀerence is independent
of the oxygen chemical potential and so is unaﬀected by whether the material is grown
in O-rich or Zn-rich conditions. Another intriguing possibility is that phosphate ions
may substitute for oxygen and also give rise to p-type conductivity. This is also more
stable than PZn–(VZn)2.
Although the calculated electrical levels need to be conﬁrmed, on the basis that
the formation of speciﬁc covalently bonded ions are a potential route to the formation
of p-type ZnO, two clear recommendations may be presented. First, it is clear that the
favourable species are most likely to form in oxygen rich material, so growth should
be performed under these conditions. Second, it may be possible to enhance the
probability of forming, for example, nitrite based acceptors by deliberate introduction
of the appropriate molecular groups during growth.
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7.2 Future calculations
Although it is possible to draw many conclusions from the currently available data,
there are some areas where uncertainties can be addressed by using a modiﬁed method-
ology. Of these areas, perhaps the two most signiﬁcant ones are the underestimate of
the band-gap (or more precisely the error in the band-structure), and the second is
the role of the periodic boundary conditions in the energies of charged defects.
The ﬁrst of these problems can be tackled using the screened-exchange (SX) ap-
proach [57]. This is currently being implemented in the software. The SX method
recovers the band-gap so that it agrees closely with experiment. For defects such as
(NO2)O (ﬁgure 5.21) where there are molecular states that cross the host conduction
band, the opening of the band-gap may have an impact in terms of both the energy
and electrical properties.
For the periodic boundary conditions, one possible solution is to simulate point
defects in very large supercells as the periodic interactions decay in line with a power
law for the inverse of the distance. Recent methodological developments [58] in the
software will allow for the routine simulation of 1000’s of atoms, reducing the absolute
error arising from the periodic boundary conditions.
Finally, although the vibrational modes presented in this thesis are a useful tool
in the correlation between experiment and theory, there are others which might also
be of value. In particular, the paramagnetic centres, such as neutral single acceptors,
should give rise to characteristic hyperﬁne interactions between the group-V nucleus
and the unpaired electron spin. These calculations will also be performed in the near
future, and in the case of nitrogen, compared with available experimental data.
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